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Kurzfassung 
 
Die zuverlässige Funktion von Hochtemperaturbrennstoffzellen-Stapeln ist sehr stark vom 
strukturellen Zusammenhalt des Dichtungsmaterials abhängig. Dabei sind Versagen und 
Verformung Aspekte, die insbesondere für Glaskeramik-Dichtungsmaterialien bestimmt werden 
müssen. Die vorliegende Studie konzentriert sich dabei auf die mit H-P (YSZ teilchenverstärkt) 
und B abgekürzten Glaskeramiken. Härteeindruckstests wurden zur Bestimmung von 
elastischem Modul, Härte und Risszähigkeit verwendet. Biege- und Drucktests wurden basierend 
auf balkenförmigen und stirnseitig gefügten Proben bei Raumtemperatur und typischen 
Betriebstemperaturen zur Herleitung von Bruchfestigkeits- und Viskositätswerten durchgeführt, 
ähnlich wie in der Brennstoffzellenstapel-Anwendung für unterschiedliche Kristallisationsgrade 
und Auslagerungstemperaturen. Die Resultate zeigten, dass ein Abfall der Festigkeit des 
teilkristallisierten H-P Dichtungsmaterials bei betriebsrelevanten Temperaturen mit der viskosen 
Verformung des Materials in Zusammenhang steht, wohingegen stabile Festigkeiten für 
ausgelagertes H-P und nicht ausgelagertes B Material bei Betriebstemperaturen ein Ergebnis des 
stärkeren Kristallisationszustands der Materialien sind. Die experimentell als Funktion der 
Belastungsrate bestimmten Festigkeitsdaten der Dichtungsmaterialien H-P und B wurden zur 
Bewertung der Empfindlichkeit hinsichtlich unterkritischen Risswachstums verwendet und 
ergaben Versagenszeiten als Funktion der statischen Last anhand eines Festigkeits- 
Wahrscheinlichkeits-Zeit Diagramms. Fraktographische Analysen basierend auf einer 
Kombination on optischer-, konfokaler- und Rasterelektronenmikroskopie erlaubten ein 
Verständnis der Versagensursprünge.   
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Abstract 
 
The reliable operation of solid oxide fuel cell stacks depends strongly on the structural integrity 
of the sealing materials. In this respect, failure and deformation are aspects which need to be 
assessed in particular for glass ceramic sealant materials. The current study concentrates on the 
glass ceramics abbreviated H-P (YSZ particle reinforcement) and B. Indentation tests have been 
carried out to determine elastic modulus, hardness and fracture toughness. Bending tests and 
compressive tests were carried out at room temperature and typical stack operation temperature 
for bar and head-to-head jointed glass ceramic sealant specimens, similar as in a stack 
application with different degree of crystallization and annealed temperature, from which 
fracture stresses and viscosity values are derived. The results reveal a decrease of the strength for 
the partially crystallized sealant H-P at operation relevant temperatures that can be associated 
with the viscous deformation of the material, whereas a stable strength was obtained for the 
annealed sealant H-P and non-annealed sealant B at operation relevant temperatures that can be 
associated with the enhanced crystallization of the materials. The experimentally obtained 
strength data of sealant H-P and B as a function of loading rate are used to assess the effect of 
subcritical crack growth yielding a failure time under static loading via a strength-probability- 
time plot that can be used for life time prediction. Fractographic analyses based on a combination 
of optical, confocal and scanning electron microscopy gives insight into the failure origins. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Contents 
1 INTRODUCTION ................................................................................................................... 1 
2 LITERATURE REVIEW ........................................................................................................ 3 
2.1 Solid Oxide Fuel Cells ..................................................................................................... 3 
2.1.1 Anode ........................................................................................................................ 7 
2.1.2 Cathode ..................................................................................................................... 8 
2.1.3 Electrolyte ................................................................................................................. 8 
2.1.4 Interconnector ........................................................................................................... 8 
2.2 Sealant techniques ............................................................................................................ 9 
2.3 Glass ceramic sealants .................................................................................................... 10 
2.3.1 Glass material.......................................................................................................... 11 
2.3.2 BaO-CaO-SiO2 ternary system................................................................................ 16 
2.4 Mechanical properties .................................................................................................... 18 
2.4.1 Young’s modulus .................................................................................................... 20 
2.4.1.1 Indentation ....................................................................................................... 20 
2.4.1.2 Bending test ..................................................................................................... 22 
2.4.1.3 Impulse excitation technique ........................................................................... 22 
2.4.2 Hardness .................................................................................................................. 24 
2.4.3 Fracture toughness .................................................................................................. 25 
2.4.3.1 Indentation ....................................................................................................... 25 
2.4.3.2 Griffith criterion .............................................................................................. 28 
2.4.4 Strength ................................................................................................................... 29 
2.4.5 Creep ....................................................................................................................... 32 
2.4.5.1 Diffusion creep ................................................................................................ 33 
2.4.5.2 Viscous creep ................................................................................................... 33 
2.4.6 Statistical lifetime evaluation .................................................................................. 36 
2.4.6.1 Subcritical crack growth .................................................................................. 36 
2.4.6.2 Strength-probability-time diagram .................................................................. 37 
3 EXPERIMENTAL................................................................................................................. 39 
3.1 Material .......................................................................................................................... 39 
3.1.1 Processing of glass bars .......................................................................................... 39 
  
3.1.2 Preparation of joined specimens ............................................................................. 41 
3.1.3 Preparation of head-to-head joined specimens ....................................................... 41 
3.1.4 Thermal treatment ................................................................................................... 43 
3.2 Microstructural characterization .................................................................................... 44 
3.2.1 Microscopy ............................................................................................................. 44 
3.2.2 X-ray diffraction ..................................................................................................... 44 
3.2.3 DTA ........................................................................................................................ 44 
3.3 Indentation test ............................................................................................................... 45 
3.3.1 Slow crack growth test ............................................................................................ 46 
3.4 Mechanical characterization ........................................................................................... 47 
3.4.1 Impulse excitation technique .................................................................................. 47 
3.4.2 Bending test ............................................................................................................ 48 
3.4.3 Compressive test ..................................................................................................... 49 
4 RESULTS AND DISCUSSION ............................................................................................ 52 
4.1 Microstructure ................................................................................................................ 52 
4.2 X-ray analysis ................................................................................................................. 55 
4.3 Thermal analysis ............................................................................................................ 57 
4.4 Young´s modulus ........................................................................................................... 59 
4.4.1 As joined material ................................................................................................... 59 
4.4.2 Stacks with sealant H-P .......................................................................................... 61 
4.4.3 Sintered bars............................................................................................................ 66 
4.5 Hardness ......................................................................................................................... 69 
4.6 Fracture toughness.......................................................................................................... 72 
4.6.1 As-joined sealant ..................................................................................................... 72 
4.6.2 Stacks ...................................................................................................................... 76 
4.7 Geometry effect .............................................................................................................. 77 
4.8 Crack deflection ............................................................................................................. 80 
4.9 Fracture strength ............................................................................................................. 84 
4.9.1 Sintered bars............................................................................................................ 84 
4.9.2 Head-to-head joined sealant .................................................................................... 86 
4.9.2.1 Room temperature ........................................................................................... 86 
  
4.9.2.2 Volume effect on fracture strength .................................................................. 93 
4.9.2.3 Elevated temperature ....................................................................................... 96 
4.10 Lifetime analysis ............................................................................................................ 99 
4.10.1 Subcritical crack growth behavior .......................................................................... 99 
4.10.2 Strength-probability-time behavior ....................................................................... 101 
4.11 Viscous properties ........................................................................................................ 103 
4.11.1 Viscous rupture ..................................................................................................... 103 
4.11.2 Viscous deformation ............................................................................................. 105 
5 CONCLUSIONS ................................................................................................................. 116 
6 REFERENCES .................................................................................................................... 121 
 
 
 
 
 
 
 
 
 
 
  
 
  Section 1- INTRODUCTION 
1 
 
1 INTRODUCTION 
Solid oxide fuel cells convert chemical energy into electricity [1]. This type of fuel cells can 
reach very high efficiencies (~50% [2]) as compared to conventional combustion system [3]. 
Jülich has been working in the area of solid oxide fuel cell for more than 15 years, covering 
aspects from basic materials to systems design [4].  
The cells in the current design are fixed and sealed in a frame between interconnected plates to 
form a repeating unit and finally a stack. The bonding between the ceramic cell and the metallic 
interconnect is currently achieved by glass-ceramic sealants [2], which appear to fulfill the 
requirements with respect to gas tightness, high temperature stability and electrical insulation. 
However, failure and deformation are aspects which need to be assessed in particular for these 
brittle materials. In order to reduce residual stresses, the sealants are tailored to match the 
thermal expansion coefficients of the adjacent materials, cell (anode substrate) and interconnect, 
which in turn are chosen to match each other closely. Since residual stresses also arise from 
operational conditions and temperature gradients during start-up and shut-down, it is important 
to reduce fracture probability of the glass based seals to enhance the reliability of the entire 
SOFCs. BaO-CaO-SiO2 materials are used as sealants [5][6] in Jülich. Our study is based on two 
types of material; the so called H-P which contains 8YSZ filler particles to enhance the 
properties of the partially crystallized matrix material and the B type sealant, which is almost 
fully crystallized.  
Different micro- and macro-mechanical characterization methods were used in the current study 
to investigate the mechanical properties and how they are influenced by aging / crystallization 
effects at operation temperatures. Furthermore, the results are correlated with microstructural 
observations. Elastic modulus, hardness and fracture toughness as important basic materials 
properties have been characterized. Bending tests were carried out to evaluate the fracture 
strength. The main focus of the work is placed to the sealing area responsible for outer leakages, 
where only steel parts are joined. Also the effect of long term exposure to the laboratory 
environment at room temperature (a condition typical for the shut down time of a SOFC stack in 
a stationary system that might only operate in the cold season to supply heat and electricity) on 
subcritical crack growth and its implication on long term reliability via strength-probability-time 
plots was considered. At operation relevant temperatures, long-term failure may occur due to 
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viscous damage. Hence, creep tests were carried out to assess creep rupture effects and relevant 
creep parameter. Fractographic analyses based on a combination of optical, confocal and 
scanning electron microscopy gave insight into the failure origins. 
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2 LITERATURE REVIEW 
This chapter outlines the motivation for the choice of the sealant materials considered in this 
work. Subsequently, the current knowledge on the mechanical properties of sealant materials is 
reviewed. Special attention is directed towards thermo-mechanical properties and tests that are 
later utilized in the current study to assess the sealants and to predict their long-term reliability.  
2.1 Solid Oxide Fuel Cells  
The SOFC [1] is a solid-state device for electro-chemical electricity production that uses an 
oxide ion-conducting ceramic material as the electrolyte. Fig. 2.1 illustrates the operating 
principle of a SOFC. Oxygen as a constituent of air being present at the cathode side is 
transformed into ions as a result of receiving electrons from the external circuit. By means of the 
thrust of differences in potential and concentration, oxygen ions migrate to the anode through 
oxygen vacancies in the electrolyte [7]. The fuel at the anode side is oxidized by reacting with 
oxygen ions to water, releasing electrons to the external electrical circuit. The ionic current 
between the electrodes within the electrolyte maintains the overall electrical charge balance [8]. 
Finally, the flow of electrons in the external circuit generates the electrical power output. 
Compared with other fuel cells, the main feature of SOFCs is the utilization of solid oxides as the 
electrolyte, which also prevents leakage or evaporation and makes the cell design more flexible 
[1]. Solid oxides used in SOFCs typically possess sufficiently high ionic conductivity at elevated 
temperature of 600 - 1000 °C. Advantages of SOFCs are high energy conversion efficiency, 
long-term stability, fuel flexibility because of the possibility of internal reforming, low levels of 
NOx and SOx emissions, and relatively low cost. The largest disadvantage is the high operating 
temperature, which results in longer start-up times as compared to low-temperature fuel cells as 
well as mechanical and chemical compatibility issues [9]. 
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Figure 2.1: Working principle of a SOFC. 
Two major stack designs, tubular (Fig. 2.2, left) and planar (Fig. 2.2, right), are widely used, 
each with specific benefits and drawbacks. The tubular SOFC (TSOFC) can be manufactured 
almost seal-less. It has, however, a long current path around the circumference of the single cell 
tube which basically limits the power density to typically 200 mW/cm2 at 1000 °C [10]. Hence, 
the problems of tubular design are the low power density and the higher fabrication costs [11]. 
 
 
Figure 2.2: Tubular SOFC design [12] (left) and planar SOFC design [13] (right). 
The development of planar SOFCs for large electrical power units has started before that of 
tubular SOFCs [14]. The planar configurations more closely resemble the stacking arrangements, 
enabling a simple series of electrically connected cells without the long current path through the 
tubular cell [11]. Also the design for planar SOFCs allows lower-cost fabrication as compared 
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with tubular SOFCs, i.e. planar cells can be produced using cheap methods such as screen 
printing and tape casting. 
A major disadvantage of planar SOFCs is the need for gas-tight sealing around the edge of the 
cell components. Using compressive seals this demand is difficult to meet. Therefore glass 
ceramic sealants have been developed as one approach to improve high temperature sealing. 
However,  the brittleness of glass ceramics under tensile loads is a challenge for reliability [11]. 
Starting from the 1990s, Jülich has been working on the development and optimization of SOFC 
stacks [15]. A so-called A-design was developed as the first planar design. It had external 
manifolds, see Fig. 2.3a. Here, a commercial alloy Cr5Fe1Y2O3 from Plansee, Austria was used 
as interconnector material [16]. But the unstable joining at the anode side of the cell during the 
operation temperature led to rupture. Hence in the following the B- and C-designs (Fig. 2.3b) 
with cross-flow and external gas supply (manifold) were developed. The interconnector material 
from Plansee was replaced by the conventional ferritic heat resistant steel X10CrAl18 (1.4742, 
KTN)[16]. Still short stack lifetimes resulted from leakages of the seals making the development 
of the D- and E-designs necessary. The structure of the E-design in Fig. 2.3e is based on anode-
supported cells with a maximum size of 20 cm × 20 cm and internal manifold. The stack 
operation can be carried out at temperatures below 800 °C. A 40 cell stack gave an output of up 
to 5.4 kW using reformed methane [17]. At the present the F-design is used. Fig. 2.3f illustrates a 
two cells short stack variant with internal manifolds and counter flow. The fuel and air enter 
from the bottom through separate tubes. Channels in the interconnect permit a homogeneous 
distribution of air over the surface of the cathode. A thin contact layer of a perovskite-type oxide 
enhances the electrical conductivity between interconnect and cathode. The cells are fixed in a 
metal frame by means of a glass-ceramic sealant. The metallic interconnects and frames are also 
joined by the glass-ceramic sealant [15]. In addition to these stacks intended for laboratory use, 
meanwhile, light-weight stacks have been developed in the so-called Cs-design for SOFC-APU 
((auxiliary power unit) applications, Fig. 2.3g [4].     
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Figure 2.3: Planar SOFC designs from Jülich a) A-design, b) B-design, c) C-design, d) D-
design, e) E-design, f) F-design and g) Cs-design. 
Planar SOFCs consist of a sandwich-like structure with a thin ionic oxygen-conducting 
electrolyte layer, an anode usually also being the mechanical support that is exposed to the 
gaseous fuel, a cathode that is exposed to air, and an interconnect material [18]. The cathode side 
is typically contacted using a ceramic contact layer. In addition, high temperature hermetic 
sealants are needed and play an important role in planar SOFCs to prevent leakage during 
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operation and mixing of fuel and oxidant [19]. The interconnect layer is placed between each 
individual cell made up of an anode, an electrolyte and a cathode, connecting them in series. 
Between interconnect and cell, a nickel mesh is typically inserted to work as anode current 
collector. The entire building up of the individual cells and interconnect is called the stack (Fig. 
2.4). 
 
Figure 2.4: Structure of a SOFC cell and stack. 
In practical applications, a positive electrode-electrolyte-negative electrode plate (PEN) is 
fabricated by sintering anode, electrolyte and cathode together at high temperatures [7]. The 
voltage and power of a single cell are limited. In order to obtain higher voltage and power, 
interconnects with high electrical conductivity and gas-separation ability are used to provide 
electrical conduction between several PEN plates in a serial connection [20]. Each of the 
components of an SOFC stack: anodes, cathodes, electrolytes, and interconnects must be 
thermally, chemically, mechanically, and dimensionally stable at the operating conditions and 
compatible with the other layers with which they come into contact in terms of thermal 
expansion and chemical reaction [21]. 
2.1.1 Anode 
The most common material used as anode is a porous Ni-YSZ cermet. The Ni metal phase 
provides the required electronic conductivity and catalytic activity [22], whereas the 8YSZ 
ceramic phase lowers the thermal expansion coefficient of the anode to match it with that of the 
electrolyte, prevents the Ni phase from coarsening, and offers a conduction path for oxide ions 
and thus the potential to extend the active zones for anode reactions [21]. Ni-YSZ anodes have 
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been developed for more than twenty years. They are also used in the Jülich SOFC design as 
anode substrate due to its appropriate high mechanical strength and good operation performance.  
2.1.2 Cathode 
Possible SOFC cathode materials have been investigated for a long period. Most of them are 
perovskite materials; for example strontium-doped LaMnO3, has been used as the cathode 
material in the Jülich SOFC design (La0.8Sr0.2MnO3) for almost one decade due to its high 
electrochemical activity for oxygen reduction at operation temperatures, good thermal stability, 
and good thermal expansion match with YSZ anode and electrolyte materials [23], and it shows 
no chemical reaction with common electrolyte materials. Recently the focus has shifted towards 
LSCF (La0.58 Sr0.4Co0.8 Fe0.2O3-δ) due to its better performance at the lower temperatures (750 °C 
and below) envisaged for future SOFC developments.  
2.1.3 Electrolyte 
The function of the electrolyte is to transport oxygen ions from the cathode to the anode, and it 
should have no electronic conductivity. During operation, the electrolyte is exposed to both 
oxidizing and reducing atmosphere at the cathode and anode side respectively. Hence, it should 
also be physically and chemically stable in both atmospheres during operation. Yttrium 
stabilized-Zirconia (YSZ) is an appropriate material for this task at operation relevant 
temperatures [24] due to its low cost, acceptable ionic conductivity, offering additional high 
mechanical and chemical stability [25]. YSZ is also highly stable with respect to the anode and 
cathode materials during operation. The ionic conduction of YSZ is based on oxygen vacancies, 
which are induced by the replacement of Zr4+ ions by Y3+ ions [26] in the fluorite crystal 
structure of zirconia. In the Jülich SOFC design, stabilized Zirconia doped with 8 % Yttrium is 
considered as the main electrolyte material. Considering the necessary ionic conductivity, the 
electrolyte layer must be manufactured as thin as possible to yield a good cell performance. 
2.1.4 Interconnector 
The interconnect materials should not undergo significant shape changes with changing 
temperature or oxygen partial pressure [27]. The thermal expansion must be matched with the 
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expansion of other fuel cell components to avoid the generation of thermal stresses during 
heating or cooling. Fig. 2.5 illustrates the Jülich metallic interconnector design (Crofer 22APU), 
with machined gas channel and manifolds. It has as a high electrical conductivity and is 
sufficiently stable at typical operation temperatures. 
 
 
Figure 2.5: Crofer 22APU metallic interconnect (Thyssen-Krupp), 6 mm thick, for a cell size of 
200 x 200 mm². 
2.2 Sealant techniques 
Sealants need to withstand several thermal cycles per year (< 10) during the routine operation of 
SOFC stacks in a stationary design which is the aim of the Jülich developments. The envisaged 
operation lifetimes are more than 40,000 h [8]. There are some typical conditions under which 
SOFCs and in particular the sealant materials are operated: a high operating temperature (600 °C 
and more) and continuous exposure to an oxidizing atmosphere on the cathode side and a 
reducing gas on the anode side. There are various possible sealant designs: rigid sealing, 
compressive sealing and compliant bonded sealing. Each of these has advantages and limitations. 
In a rigid sealing design the sealant forms a joint that is non-deformable as in the case of brittle 
ceramics and glass ceramics. It is susceptible to fracture when exposed to tensile stresses that 
might arise due to thermal gradients or thermal expansion mismatch between the sealant and 
adjacent substrates [28]. Hence the sealant must be tailored to match the thermal expansion 
coefficients of the adjacent materials, cell (anode substrate) and interconnect [29]. Even a modest 
degree of thermal expansion mismatch can cause substantial bowing of the cells, which can lead 
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to fuel and air mal-distribution in the stack and hence poor system performance [12] as well as 
fracture of the sealant and/or cells. 
The major advantage of compressive sealants is that these seals are not rigidly fixed to the other 
SOFC components. Therefore, they do not require very precise thermal expansion coefficient 
match. A compliant high-temperature material is fixed between the two sealing surfaces and 
compressed using a load frame external to the stack to deliver hermetic sealing. The surface of 
the sealant is supposed to slide with respect to frame and cell without affecting the hermetic 
sealing. However, the implementation of this technology remains difficult due to the need of 
reliable high temperature sealing materials [30].  
Compliant seals can be plastically deformed. PNNL [31] used for this purpose a commercial 
alumina-forming ferritic steel as sealant foil [32]. Compliant seals are often based on metals, 
which are electrically conductive. Thus, they cannot be used as the sealing solution for a planar 
SOFC stack design with the need for insulating layers to prevent internal short circuits [28]. 
Metallic brazes are common materials for compliant seals between metals and ceramics, 
however, the leakage rate strongly depends on the wettability between surface and molten braze 
as well as sealant degradation [33]. This class of materials can be divided into active metal 
brazing and reactive air brazing, where in the latter a reaction layer (TiN, TiO2) forms between 
metallic braze and ceramic. 
2.3 Glass ceramic sealants 
Glass and glass-ceramic seals are flexible in design, easy to fabricate, and cost-competitive. A 
wide range of materials’ properties required for sealing can be achieved with glass and glass-
ceramic seals by compositional design [34]. These materials have a good resistance to the 
oxidizing and reducing atmospheres in the stack, hermetically separate anode and cathode gas 
supply, are chemically stable to any component material or gaseous species in the stack 
environment, and possess a sufficient bonding strength to withstand the operation-induced 
stresses [35]. Moreover, the glass paste can be manufactured to the sealing surface due to the 
good wetting behavior and can be designed to have a good matching of the thermal expansion 
coefficient to those of the adjacent layers [28]. Glasses and partially crystallized glass-ceramics 
are characterized by a glass transition temperature, above which the mechanical properties of the 
material change from brittle to ductile behavior [28].  
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During the joining process, the glass might partially or fully crystallize. Furthermore, it will react 
with the joining partner (or oxide layer) to form a rigid bonding. The resulting interfacial phases 
might thicken and become porous during longer annealing times implying a susceptibility to 
micro-cracking when thermally cycled [36]. Crystallization is advantageous since the resulting 
microstructure is typically mechanically stronger than the initial glass [37]. 
2.3.1  Glass material 
Glass is an amorphous solid material which possesses no long-range atomic order and, upon 
heating, gradually softens to finally reach a molten state [38]. The glass components can be 
classified mainly into network formers, network modifiers, and intermediates (Fig. 2.6). 
 
 
Figure 2.6: Schematic representation of the random network of alkali silicates [39]. 
 
The network formers build the main structure of the glass. The network modifiers strongly 
influence the glass properties. The intermediates stabilize the glass structure depending on their 
fraction. The function of different oxide constituents in glass are listed in Tab. 2.1 [40]. 
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Table 2.1: Functions of different oxide constituents in a seal glass [40]. 
 
 
The most important criteria for the initial design and development of a sealant glass are Tg (glass 
transition temperature), Ts (glass softening temperature), CTE (thermal expansion coefficient) 
and viscosity [41].  
Glass-ceramic materials share many properties with both, non-crystalline glass and crystalline 
ceramics. They are formed as a glass, and then partially crystallized by heat treatment. In general, 
glasses and partially crystallized glass ceramics possess a transition temperature, above which 
the material changes from a rigid, brittle state to a ductile behavior [42][43], which is needed to 
provide a sufficient flow and thus an adequate sealing. However, the sealing material should not 
become too fluid as it can flow out from between the joining partners and hence result in open 
gaps and subsequent leakages. In addition, a sufficient rigidity is crucial for maintaining the 
mechanical integrity. Fig. 2.7 illustrates the temperature dependent transition of glass, crystalline 
and liquid phases. Generally, if the material is cooled sufficiently fast from the liquid state 
without sufficient time to form the crystalline structure, the glassy state is formed. Tg describes 
the change of the glass from super-cooled liquid to solid, which depends on the cooling speed. 
When the liquid is cooled, its volume decreases contiunously until the melting point is reached, 
then a rather large jump occurs associated with a large volume change (ΔVm) as the material 
transforms from the liquide state into a crystalline solid state [39]. 
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Figure 2.7: Volume-temperatures relationship for glassy and crystalline state [39]. 
 
At Tg and Ts, the viscosities of pure SiO2 are typically ~1011 and 109 dPa·s, respectively [38]. 
Generally, SOFC sealing glasses need to have lower viscosities than SiO2 to achieve appropriate 
processing  properties (Fig. 2.8) [44].  
 
Figure 2.8: General relationship between viscosity and temperature [44]. 
 
Tg and Ts can be controlled by the composition of the glass material. However, the softening 
point of a remaining glass component can limit the maximum operating temperature to which the 
joint may be exposed [45]. The example shown in Fig. 2.9 illustrates the importance of 
controlling the materials viscosity-temperature behavior. By controlling the kinetics of 
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crystallization, it is possible to slowly raise the viscosity of the sealant so that it attains the proper 
deformability after wetting to minimize excessive flow “squeeze out” [36].  
 
 
Figure 2.9: General relationship between viscosity (η) and temperature in a glass and in a glass 
composite undergoing incipient crystallization [36]. 
 
The glass partially or fully crystallizes during the sealing process to form a rigid, bonded seal. 
Crystallization is advantageous since the resulting microstructure is typically stronger than the 
amorphous glass. It is also a key aspect to minimize thermal expansion coefficient mismatches 
and hence thermally induced residual stresses. However, the CTE of glass ceramics is usually 
lower than that of the interconnect or electrodes. It has been reported in literature, that their CTE 
is usually between 8 and 11.5∙10-6 K-1 as compared to 12.5∙10-6 K-1 for the interconnect [46]. 
Furthermore, it has been reported that to avoid thermally induced cracking a ΔCTE of less than 
around 1∙10-6 K-1 should be warranted [21].   
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Several commercial glass and glass-ceramics are compared in Fig. 2.10. The CTE determined for 
a BaO-CaO-silica glass is ~ 10·10-6 K-1 [47]. It has been reported that Tg decreases with 
increasing BaO content (> 40 mol %) [40]. 
 
 
Figure 2.10: Relationship between CTE and transformation temperature [48]. 
 
There have been reports on the development of a variety of systems to form suitable glass-
ceramic seals for SOFC, including silicate, aluminosilicate, borosilicate, and aluminophosphate, 
etc. [49] (Tab. 2.2). Chang [50] has reported a Tg of 668 °C and Ts of 745 °C for non-aged GC-9 
(based on BaO-SiO2-B2O3-Al2O3 systerm). It is also reported by Pacific Northwest National 
Laboratory [51] that the CTE of G18 (similar as GC-9 see Tab. 2.2) is 10.5·10-6 K-1, which is 
close to the CTE of the electrolyte (10.8·10-6 K-1) [3]. Ghosh [52] has reported that the MgO-
based aluminosilicate glass-ceramic system (MA1 and BM1) yields glasses with lower CTE 
compared with other data reported in Table 2.2. Considering the mostly used stack operation 
temperatures (750 °C – 800 °C) and appropriate CTEs, the currently investigated sealants (red 
crosses in Fig. 2.10) [53] are based on the BaO-SiO2-CaO system, which will be discussed in 
next section. 
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Table 2.2: Thermal properties of SOFC sealant glasses 
Glass code Composition Tg 
(°C) 
Ts 
(°C) 
Thermal 
expansion 
(10
-6 
/K) 
GC-9 [50] Based on  BaO,SiO2,B2O3,Al2O3  668 745 ~ 
G18 [51] Based on BaO,SiO2,CaO,Al2O3 ~ ~ 10.5 
BCABS 
[54] 
Based on 
BaO,SiO2,CaO,Al2O3 
B2O3, 
619 750 11.9 
MA1 [52] 
Based on  
MgO,Al2O3, La2O3, 
SiO2,B2O3, 
623 671 
9.01 
9.5-10.3 
(glass-ceramic) 
BM1 [52] 
Based on  
MgO,BaO,SiO2,B2O3, 570 616 
10.06 
9.36-10.77 
(glass-ceramic) 
 
2.3.2 BaO-CaO-SiO2 ternary system 
For the planar SOFC stacks designed and manufactured in Jülich, glass-ceramic materials based 
on the BaO-CaO-SiO2 system are mostly used as sealant [15]. Considering the envisaged long 
lifetime of more than 40,000 h [8] of the stack and hence of the sealant glass at an operation 
temperature of 800 °C in oxidizing and reducing atmosphere, the mechanical properties of the 
crystallized glass and its stability are very important. The isotherms of the phase diagram of the 
ternary system are shown in Fig. 2.11. The diagram consists of 12 phase fields and eight 
invariant points including six eutectics and two reaction points [55], which means that some 
compositions exist with two or more phases. However, not all compositions in this phase 
diagram can form glass. The glass forming regions are strongly related to the compositions at the 
invariant points on the liquid surface (below 1500 °C) [16]. For this ternary system, a few binary 
sections have been studied. Eskola [56] studied the region between calcium and barium meta-
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silicates, where a ternary compound 2CaO·BaO·3SiO2 is formed with melting at 1320 °C into 
CaO·SiO2 and liquid.  
The red lines in Fig. 2.11 indicate the major glass constituents in the phase diagram. It has been 
verified that in this composition range, the joining behaviour of the glass to the steel is getting 
better in the middle of the top triangle (triangle BaO·2SiO2-CaO·SiO2-2CaO·BaO·3SiO2). The 
range around 2BaO·3SiO2 proved to be poorly sinterable [16].  
Considering the CTE values of the materials in the region as indicated by these two triangles and 
the joining behaviour, glasses at the CaO.SiO2 corner were not suitable due to their low CTE, 
and the glass near 2BaO.3SiO2 and 2CaO.BaO.3SiO2 had too high crystallisation rates and bad 
adhesion [16]. The optimal range for appropriate glass behaviour is shown in Fig. 2.12. 
 
 
Figure 2.11: Phase diagram of the ternary system CaO-BaO-SiO2 [55]. 
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Figure 2.12: The important glass forming region of the CaO-BaO-SiO2 system [16]. 
 
The interesting materials for SOFC-sealants are located in the red shaded region which has a 
well-adjusted CTE and good adhesion. The best glass compositions in this range have been 
studied by P. Geasee [16], which had different melting behaviour due to the different content of 
the constitutional compounds, even though all of them were in the same range of CTE values 
(11.2·10-6 K-1). 
Our study of glass ceramic sealants is based on this BaO-CaO-SiO2 system with two types of 
glass ceramic, B and H-P (composition see section 3.1). Glass B has rather high silica content 
and no additions to improve the crystallization behavior (Tab. 3.1). Glass H-P contains doped 
YSZ particles for mechanical reinforcement. Both materials are studied in sintered and annealed 
states. 
2.4 Mechanical properties 
It can be easily understood that during cooling down from the operation temperatures, residual 
stresses in seals will be generated resulting from differences in thermal expansion to the other 
stack components reaching a maximum at room temperature [55]. According to the thermal 
mismatch the residual tensile stress for a thin layer on a thick substrate (outer sealant) can be 
estimated by [23]: 
 
𝜎1 = 𝐸1𝜑 ∫ (𝛼1 − 𝛼2)𝑑𝑇𝑇𝑏𝑇0                                                                                                     2.1 
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where E is the Young´s modulus of the material for which the residual stresses are being 
calculated, 𝛼1 and 𝛼2 are the coefficients of thermal expansions of each material (𝛼1 substrate, 
𝛼2 sealant in our case).  𝑇𝑏 is the temperature at which bonding takes place, 𝑇0 is the temperature 
from which the joint is cooled, and 𝜑 is a geometric factor. According to this equation, thermal 
expansion mismatch can be eliminated to a large extent by proper sealant materials’ selection 
with a CTE adjusted to that of the adjacent materials [23].  
For the sealants investigated in the current work, the interfacial debonding between seal and 
interconnects or cell and the cohesive seal cracking are considered to be the main failure 
phenomena. It has been observed [46] that a crack only grows if both, the released energy and 
the local stress exceed critical values, and the resistance of the seal to debonding is supposed to 
increase with increasing width and decreasing thickness of the seal. 
The main failure associated problem for the glass and glass-ceramic seals are related to their 
brittleness. The calculated stress distribution of a stack with localized leakage positions after 
cooling down is illustrated in Fig. 2.13 [57]. Local leakages were found by dye inspection. FEM 
simulations verified that the high local stresses were induced by local temperature gradients. 
 
 
Figure 2.13: FEM simulation of principal stress distribution (left) with localized leakages (right) 
[57]. 
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The considered sealant materials are susceptible to fracture and failure probabilities have to be 
considered when the material is exposed to tensile stresses. Under tensile stresses, defects can 
grow into cracks that propagate rapidly and unstably [23]. Particle reinforcement is considered as 
an effective way of optimization the fracture toughness. Crack stopping and deflection are the 
basis for the used YSZ particle reinforcement of the H-P materials used in the current study, as 
verified in [58] (Fig. 2.14). YSZ particles have been used here, since doped ZrO2 undergoes a 
phase transformation at certain temperature and the associated volume change might lead to 
failure. It has been reported that reinforcement can increase the strength by ~ 40 % vol. for SiC-
whiskers in a Mg-Al-silicate matrix yielding a strength of ~ 800 MPa at room temperature [59].  
 
 
Figure 2.14: Cracks after indentation testing are deflected and inhibited by YSZ reinforcement 
[58]. 
2.4.1 Young’s modulus 
Different methods have been used and compared in the current work to study the elastic behavior 
of the material.  
2.4.1.1 Indentation  
The Young´s modulus is determined in this method from the unloading curve obtained during 
indentation testing, in which only elastic recovery takes place. The indentation technique is 
based on moving an indenter (which is usually a sharp diamond tip or a small sphere) 
perpendicular into the material surface to test small volumes of materials, then the force is 
removed. Both, the normal force of the indenter (P) and the depth (h) are measured during 
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indentation (Fig. 2.15 left). A Vickers indenter is used in the current work, which has four sides 
with an angle of 136° between two opposing sides. During the loading-unloading, the indenter 
leaves behind a permanent impression in the material (Fig. 2.15 right). The parameter ε (in Fig. 
2.15 right) is a correction parameter that depends on the geometry of indenter and is about 0.72 
for a Vickers indenter [60]. Generally a different curve is followed during unloading with a 
certain final depth which is caused by irreversible, plastic deformation and/or cracking of the 
material during indentation. The reduced Young´s modulus being a response of the indenter and 
materials’ deformation is determined using [61]: 
𝐸𝑟 = √𝜋2 𝑆𝑚𝑎𝑥√𝐴                                                                                                                        2.2 
where Smax is the slope of the unloading curve at the point of maximum load (see Fig. 2.15), and 
A is the projected area of contact between the indenter and the material at that point. The 
Young´s modulus of the material follows as [61]: 
𝐸𝐼𝑇 = 1−𝑣21
𝐸𝑟
−
1−𝑣𝑖
2
𝐸𝑖
                                                                                                                     2.3 
where Ei and vi are the Young´s modulus and Poisson´s ratio of the indenter material, 
respectively, and v the Poisson´s ratio of the indented material. The method has the advantage 
that the sealant can be characterized even in a thin layer geometry. 
Considering the porosity of our material, eq. 2.4 [62] is used to assess the apparent properties of 
the material in a dense state  
1.897
0 (1 1.372 )E E P= ⋅ − ⋅                                                                                                        2.4 
where P is the porosity, E0 is the Young´s modulus of the dense material (P=0). 
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Figure 2.15: Schematic representation of a section through an indentation using a conical 
indenter (left). Schematic representation of a typical indentation load-displacement curve (right) 
[60]. 
2.4.1.2 Bending test 
The Young´s modulus of sintered sealant bars is typically determined by four-point bending tests 
(Fig. 2.19) evaluating the slope of the load-displacement curve based on the standard DIN EN 
843-2[63]: 
𝐸 = 11∙∆𝑃∙𝐿3
64∙𝑏∙ℎ3∙∆𝑓𝑡
                                                                                                                   2.5 
where L is the distance between the outer load points, ∆𝑃 is the change of the load, ∆𝑓𝑡 is the 
deflection of the specimens, h the height of the specimen and b the specimen width. 
2.4.1.3 Impulse excitation technique 
The impulse excitation technique is a non-destructive method for the evaluation of the elastic and 
damping properties of materials, used in this work to characterize the properties of sintered 
sealant bars. This technique is based on the mechanical excitation of a solid body by means of a 
light impact, which has advantages not only in simplicity of the experimental set-up but also in 
high measurement accuracy. For isotropic, homogeneous materials of simple geometry 
(prismatic or cylindrical bars), the resonant frequency of the free vibration provides information 
on the elastic properties of the materials. Moreover, the amplitude decay of the free vibration is 
related to the damping of the material [64]. The elastic modulus is determined as: 
𝐸 = 0.9465 �𝑚(𝑓𝑟)2
𝑏
� �
𝐿3
𝑡3
� 𝑇1                                                                                       2.6 
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where m is the mass of the specimen; L, b and t is the length, width and thickness of specimen, 𝑓𝑟 
is the resonance frequency and 𝑇1 depends on the ratio t/L (𝑇1 = 1 + 6.585(𝑡 𝐿⁄ )2) [65].  
Young´s moduli of our H-P and B materials are compared to other glass ceramic materials in Tab. 
2.3. In the initial state, GC-9 (based on BaO-SiO2-B2O3-Al2O3 system reported by Chang [50]) 
and G18 (reported by Pacific Northwest National Laboratory [51]) show, within the limits of 
uncertainty, similar values as the H-P and B material investigated in the present work. The 
values for material B are at the higher end of this range (77 ± 3 GPa), which might be associated 
with the small amount of glassy phase and lower porosity of this material (see Fig. 4.1). After 
500 h aging, the elastic moduli of H-P increases by ~ 10 %, which is associated with the 
progressing crystallization.  
 
Table 2.3: Young´s modulus of SOFC sealant glasses at room temperature. 
Glass code Composition Young´s modulus (GPa) 
GC-9 [66] Based on  BaO, SiO2, B2O3,CaO, La2O3,Al2O3,ZrO2 66 ± 8 
G18 [51] Based on BaO, SiO2, CaO, Al2O3 78 ± 1 
B [67]   
 
Based on BaO, SiO2, CaO, Al2O3 
77 ± 3 
B [67] 
Annealed at 800°C 
for 500 h 
77 ± 3 
B [67] 
Annealed at 800°C 
for 1000 h 
80 ± 3 
H-P [67]  
Based on BaO, SiO2, CaO, doped  
Al2O3, B2O3, V2O5, ZnO 
73 ± 8 
H-P [67] 
Annealed at 800°C 
for 500 h 
79 ± 6 
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2.4.2 Hardness 
The hardness is a measure of the plastic response of a material and usually assessed by 
indentation testing. In the case of instrumented indentation, the hardness (HIT) is determined 
from the projected contact area and the maximum load [61]: 
    𝐻 = 𝑃𝑚𝑎𝑥
𝐴
                                                                                                                       2.7 
where the contact area A is proportional to the contact depth hc and estimated using the indenter 
area function (for a perfectly sharp Berkovich or Vickers indenter, A(hc)=24.5hc2) [60] and P is 
the maximum applied force. 
The hardness of our H-P and B material in the different states has been assessed in an earlier 
study and is compared to the other materials in Tab. 2.4. H-P shows the lowest hardness value of 
about 5.5 GPa in the initial state but with a similar value as BCABS (~ 5.7 GPa) (based on BaO-
SiO2-CaO-Al2O3-B2O3) [54]. The material B has higher hardness values, which can be associated 
with the stronger crystallization. After annealing for 500 h at 800°C, the hardness of both B and 
H-P are similar as in the initial state. 
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Table 2.4: Hardness of SOFC sealant glasses at room temperature. 
Glass code Composition Hardness (GPa) 
BCABS [54] Based on BaO,SiO2,CaO, Al2O3,B2O3 ~ 5.7 
B [67] 
 
 
 
Based on BaO, SiO2, CaO, Al2O3 
7.2 ± 0.5 
B [67] 
Annealed at 800°C 
for 500 h 
7.5 ± 0.5 
B [67] 
Annealed at 800°C 
for 1000 h 
7.7 ± 1.5 
H-P [67]  
 
Based on BaO, SiO2, CaO, doped 
Al2O3, B2O3, V2O5, ZnO 
5.5 ± 0.5 
H-P [67] 
Annealed at 800°C 
for 500 h 
5.1 ± 0.5 
 
2.4.3 Fracture toughness 
2.4.3.1 Indentation  
The determination of the fracture toughness is based on the direct measurements of the length of 
indentation cracks on the surface [68]. The analysis method to be used for the indentation 
fracture toughness depends on crack shape, requiring the use of different relationships for the 
determination of fracture toughness depending on the ratio c/a (c: crack length; a: impression 
length see Fig. 2.16). Detailed information on the existing models is given in [69–71]. 
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Figure 2.16: The radial crack system seen from above (right) after indentation with a Vickers 
indenter (left) [72]. 
 
It has been suggested that for Vickers indentation in the range of c / a < 3, the crack system is 
Palmqvist type and changes for larger c / a to radial-median (Fig. 2.17a) [71]. Therefore, the 
analysis made here was based on a relationship for Palmqvist type cracks for l / a ≈ 0.25 to 2.5 
(Fig. 2.17b) [69]: 
 KIC = 0.0089 (E/H)2/5 [P / (a l1/2)]                                                                                 2.8 
For c/a >2.5 the indentation toughness was determined using the relationship for median radial 
cracks [73]: 
KIC = 0.016 (E / H)1/2 [P / c3/2]                                                                                          2.9 
where all parameters have been defined above (see also Fig. 2.16 right).  
 
 
Figure 2.17: Schematic representation of Vickers indentations with (a) median-radial crack and 
(b) Palmqvist type crack [71]. 
 
  Section 2- LITERATURE REVIEW 
27 
 
If ceramic particles are used to optimize the fracture toughness, the precise length of the radial 
cracks is more difficult to determine, since ceramic fillers and/or also existing crystallized phases 
may interfere with crack formation and growth, thus leading to the formation of modified crack 
patterns. In addition, the location of the indentation impression in the material also strongly 
affects the final crack patterns, leading to higher uncertainties.  
 
 
Figure 2.18: Schematic representation of crack in a semi-infinite material [74].  
 
Considering our materials, cracking near interfaces (glass and steel substrate), Dundur´s 
parameters have been introduced [75] to consider the effect of the elastic mismatch: 
𝛼 = 𝜇1(1−𝑣2)−𝜇2(1−𝑣1)
𝜇1(1−𝑣2)+(1−𝑣1)                                                                                               2.10 
and 
𝛽 = 1
2
𝜇1(1−2𝑣2)−𝜇2(1−2𝑣1)
𝜇1(1−𝑣2)+(1−𝑣1)                                                                                        2.11 
where 𝜇1 and 𝜇2 are the shear modulus of steel substrate and glass, and 𝑣1 and 𝑣2 are Poisson´s 
ratio of steel and glass, respectively (Fig.2.18). The parameter has a value of 𝛼 = −1 for free 
edge (𝜇1<< 𝜇2), 𝛼 = 0 for identical materials (𝜇1= 𝜇2) and 𝛼 = 1 for infinite rigidity (𝜇1>> 𝜇2) 
[74].  
According to eq. 2.9, the fracture toughness can be defined as (with the crack length c at a 
distance h from interface): 
𝐾𝐼 = 𝐾𝐼,0 = 𝑥𝑃𝑐3 2⁄                                                                                                        2.12 
In literature, the sub-interface crack was modeled by continuously distributed edge dislocations, 
and using the stress field for a single dislocation the boundary value problem has been solved. 
  Section 2- LITERATURE REVIEW 
28 
 
The fracture toughness was obtained in terms of the dislocation density functions, which were 
calculated numerically [74]. The rather complex derivations are not repeated in the current work. 
The curves derived from the Dundur´s parameter in this work are compared with the current 
experimental results in the results and discussion part (see section 4.8). 
 
2.4.3.2 Griffith criterion 
A crack grows unstably when a certain threshold is exceeded, which can be expressed in terms of 
the fracture toughness of a material. A crack always starts at a defect of a size c that was already 
present in the material under the influence of a stress σf. The so-called stress intensity factor KI is 
defined as [76][72]: 
                                                                                                              2.13 
where Y and Z are constants depending on the precise crack and loading geometry, and σ is the 
stress applied perpendicularly to the crack. At a critical applied stress σc, the stress intensity 
factor reaches a critical value KIc (fracture toughness) and the crack will start to grow unstably. 
Hence, the stress field in combination with small defects in the material causes cracks to form 
and grow. For penny shape flaws in a uniform stress field, Y is independent of c and given by: 
𝑌 = √𝜋  for volume flaws, and 𝑌 = 1.12 ∙ √𝜋  for surface flaws. If the defect has a linear crack 
front, the shape factor is Z=1, whereas for a circular or penny-shaped flaw 𝑍 = 𝜋
2
 [72]. 
The fracture toughness of the H-P and B materials in different states are compared to other 
materials in Tab. 2.5 [58]. For the all indented specimens, cracks became visible at an applied 
load of around 300 mN. The fracture toughness of H-P in the initial state takes values lower than 
1 MPa·m0.5, however, this value is still higher than that obtained for material B (0.6MPa·m0.5). 
Moreover, the fracture toughness of sealant H-P increases by values of 60 % after annealing (at 
800°C for 500h). Hence, in agreement with SEM observations on the crystallization effect (Fig. 
4.1), particle can considered to have a significant influence on the fracture toughness (Fig. 2.14), 
due to bridging and crack deflection effects. 
 
 
 
c
Z
YK I σ=
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Table 2.5: Fracture toughness of SOFC sealant glasses at room temperature [58]. 
Glass code Composition 
Fracture 
toughness 
(MPa·m
1/2
) 
B 
 
 
Based on BaO,SiO2,CaO,Al2O3 
0.66 ± 0.04 
B 
Annealed at 
800°C for 500h 
0.69 ± 0.05 
B 
Annealed at 
800°C for 1000h 
0.65 ± 0.04 
H-P  
 
Based on BaO,SiO2,CaO, doped 
Al2O3, B2O3, V2O5, ZnO 
0.92 ± 0.22 
H-P 
Annealed at 
800°C for 500h 
1.5 ± 0.12 
 
2.4.4 Strength 
The parameter related to the stress limit that a material can sustain is its strength [72]. After the 
thermal treatment, crystallites in the glasses are generated and the strength is expected to be 
higher than for the original glass.  
Fracture of brittle materials is related to defects. The mean size of the micro-cracks and thus also 
the mechanical strength will be affected by the components and microstructure of glass-ceramic 
material. The strength is expected to increase if the glass-ceramic material has a fine-grained and 
more uniform microstructure [77].  
To avoid the high expense and difficulties associated with tensile tests [78] for brittle materials, 
strength is often determined from bending tests. Four-point bending tests (Fig. 2.18) are used in 
the current study, since a region with constant bending moment exists between the inner loading 
pins. The fracture stress is then, in case of surface cracking, determined from the fracture load 
[72]: 
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𝜎 = 3∙𝑃∙𝐷
𝑏∙ℎ2
                                                                                                  2.14 
where P is the applied force, D is the distance between the inner and outer loading points, h is 
the side length of the specimen and b the specimen width. 
 
 
Figure 2.19: The geometry and stress profile in the four point bending tests. 
 
In brittle materials like glass and glass ceramic, the distribution of flaws exhibits a large 
statistical variation. Hence, the strength of ceramics does not have a specific value, but is based 
on a distribution of fracture stresses. Weibull distribution is the most widely applied statistical 
method to describe fracture stress of ceramic materials [79]. Based on the idea of the “weakest –
link hypothesis” concept, it is assumed that the most serious flaw controls the strength [6].  
The statistical distribution and hence the failure probability as a function of stress is commonly 
described by a two-parameter Weibull distribution [80][81]: 
𝑃𝑓(𝑉0) = 1 − 𝑒𝑥𝑝 �− � 𝜎𝜎0�𝑚 �                                                                                   2.15 
where 𝑃𝑓  is the probability of failure; σ0 is the characteristic strength and m is the Weibull 
modulus, which describes the variability of the measured strength data. The Weibull modulus 
reflects the link of fracture stress and failure probability. Products made from components with 
low Weibull modulus will exhibit low reliability and the fracture stresses will be broadly 
distributed [82]. If σ = σ0 then Pf (V0) is equal to 0.632. Therefore, the characteristic strength σ0 is 
simply the stress at which 63.2 % of the samples will fail.  
A large component used in real application will have a lower strength than a small test specimen 
for the same failure probability, since the probability of large defects scales with the component 
size. This correlation can be described for volume defects using the relationship [83][84]: 
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𝜎2
𝜎1
= �𝑉1
𝑉2
�
1
𝑚                                                                                                               2.16 
Where m is the Weibull modulus, 𝜎1 and 𝜎2 are the charaterisitc strength of test specimen type 1 
and 2, 𝑉1  and 𝑉2  are the associated effective specimen volumes, respectively. In the case of 
surface defects the volumes in this relationship have to be replaced by the surface areas. For the 
rather thin layers investigated in the head-to-head joined geometry (Fig. 3.3b) in the present 
work the characteristic volume in a four-point bending test (as verified later volume defects are 
failure relevant) is defined as [85]: 
𝑉 = 𝑏ℎ𝐿 𝑚+2
4(𝑚+1)2                                                                                     2.17 
where b is the width, h is the height, L is the length. The Weibull modulus is generally biased by 
the number of specimens. The bias can be eliminated by increasing the number of tested 
specimens. The standard deviation of Weibull modulus Sm and characteristic strength Sσ can be 
estimated, in dependence of the number of specimens n, using the equations [86]: 
𝑠𝑚 = 𝑚√𝑛                                                                                                                   2.18 
𝑠𝜎 = 𝜎𝑚√𝑛                                                                                                                2.19 
Several recent results on fracture strengths of glass ceramic sealant materials are listed in Table 
2.6. For GC-9 (based on the BaO-SiO2-B2O3-Al2O3 system) at room temperature, aged material 
shows a higher fracture strength than in the non-aged stage. However, both of them decrease 
strongly at 750 °C, aged GC-9 even to ~ 0.1 MPa. Similar trends with increasing temperature 
have been reported for G18 (based on the BaO-SiO2-CaO-Al2O3 system). Tensile strength of our 
H-P material at 850 °C has been reported by Cela [87] about 2.7 MPa, which is rather low due to 
the high porosity in the glass layer. 
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Table 2.6: Fracture strength of SOFC sealant glasses. 
Glass code Composition Flexural strength (MPa) 
Non-aged GC-9 [50] 
 
Based on 
BaO,SiO2,B2O3, Al2O3 
63 (RT) 4.5 (750 °C) 
Aged GC-9 
(Annealed at 900°C 
for 3h) [50] 
73 (RT) 0.1 (750 °C) 
G18 [51] Based on BaO,SiO2,CaO,Al2O3 24 (RT) 5.3 (800 °C) 
 
2.4.5 Creep 
In general, creep is known as [88], time-dependent, thermally assisted plastic deformation under 
constant load (stress). In general, the creep rate is controlled by stress, time, temperature, grain 
size and shape, volume fraction and viscosity of glassy phases at grain boundaries, etc. [89].  
 
 
Figure 2.20: Typical creep strain versus time curve [89]. 
 
Typically, a material exhibits three regions of creep: first is the initial primary stage, the 
secondary stage is known as the steady-state creep with the strain increasing linearly with time, 
and the tertiary stage occurring before failure with rather fast increasing strain rates (see Fig. 
2.20). Although several mechanisms are proposed, overall three categories can be defined: 
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diffusion, viscous and dislocation related creep [90]. Considering glass-ceramic materials, the 
most probable mechanisms are the diffusional and viscous creep, which are introduced in the 
next two sections. 
2.4.5.1 Diffusion creep 
Diffusion creep is related to the motion of atoms or ions by volume diffusion (Nabarro-Herring 
creep [91][92]) or grain boundary diffusion (Coble creep [93]). For the Nabarro-Herring creep, 
the creep rate is proportional to the applied stress at lower stresses, and the stress exponent will 
be higher than 1 at higher stresses. The slope of the plot ln(𝜀̇) as a function of the 1000/T yields 
the creep activation energy. Compressive stresses lead to negative strains, whereas tensile strains 
lead to elongation parallel to the direction of applied stress [89]; see also Fig. 2.21, in which the 
vacancy concentration gradients that develop as result of stress gradients are illustrated.  As 
compared with Nabarro-Herring creep, the diffusion in Coble creep deformation follows the 
grain boundaries [89]. 
 
 
Figure 2.21:  Vacancy concentration gradients that develop as a result of stress gradients. The 
diffusion leads to permanent strain (right image). 
2.4.5.2 Viscous creep 
Many structural ceramics contain significant amounts of glassy phases in the grain boundaries 
and it is known [89] that not only diffusional, but also viscous flow of these glassy phases can 
occur. It has also been reported [94] for glass ceramic material that the deformations in the 
vicinity of grain boundaries play an important role in the creep process. As discussed in [89], the 
main mechanism for a partially crystallized material can be expected to be based on the viscous 
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flow of glassy component. The models given in [89] also predict that the effective viscosity of 
the material should be inversely proportional to the volume fraction of the glassy phase.  
At relatively high temperatures, considering the flow behavior of the glassy phases, the viscosity 
should decrease, and viscous flow of the glassy phase can lead to creep. The stress exponent and 
the activation energy in our glass ceramic system are two important parameters, since they 
describe both, the mechanism of viscous flow and the internal bonding strength of atoms (ions) 
[95]. The stress exponent for glassy materials is often ~ 1. The activation energy depends on the 
types of internal bonds. It has been reported [95] that it is often higher than 400 KJ/mol for 
ceramic, glass-ceramic, and oxide glasses as a result of strong ionic/covalent bonds. The value of 
viscosity can be determined from the equation [96]: 
𝜂 = 𝜂0 𝜎1−𝑛𝑒𝑥𝑝 � 𝑄𝑅𝑇�                                                                                                2.20 
where η is viscosity; σ is the applied stress; n is the stress exponent; Q is the activation energy of 
viscous flow. If the stress exponent is equal to 1, it is considered to be a Newtonian viscous flow. 
As the viscosity is related to shear stress (τ) and shear strain rate (?̇?), it can be formulated [97]: 
𝜏 = 𝜂?̇?                                                                                                                           2.21 
and the tensile stress is related to the strain rate by the following equation: 
𝜎 = 𝜇𝜀̇                                                                                                                          2.22 
where μ is a constant characterized the viscous flow. Assuming an uniaxial stress state, the 
following equations can be applied [95][97]: 
𝜏 = 𝜎
2
                                                                                                                              2.23 
?̇? = 3
2
𝜀̇                                                                                                                          2.24 
From eq. 2.21 to eq. 2.24, it can be stated that the viscosity can be described by: 
𝜂 = 𝜎
3?̇?
                                                                                                                           2.25 
Based on this equation and eq. 2.20, the viscosity can be related to the strain rate relation 
[95][96]: 
𝜀̇ = 𝐴 𝜎𝑛 𝑒𝑥𝑝 (− 𝑄
𝑅 𝑇)                                                                                                2.26 
A simplified relationship based on eq. 2.26 has been used by Norton and Bailey [98]: 
𝜀̇ = 𝐴 𝜎𝑛                                                                                                    2.27 
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where A and n are stress-independent constants. The constant n usually has values between 1 and 
8 [89]. For values higher than 1, creep is commonly referred to as power law creep. According to 
eq. 2.26, by plotting ln(𝜀̇) for the steady-state against ln(𝜎), at a constant temperature T, n is 
determined as the slope in the plot. The Arrhenius approach suggests that by plotting ln(𝜀̇) 
against the reciprocal of the absolute temperature (1000/T) at constant stress, the slope can be 
used to calculate the activation energy Q. In our study, compressive tests have been carried out to 
investigate the rheological behavior of the glass ceramic sealants. The strain was calculated from 
the measured deformation by: 
  𝜀 = 𝛥ℎ
ℎ0
                                                                                                                       2.28 
where h0 is the initial height and 𝛥ℎ is the deflection of the specimen. Due to the importance of 
viscosity, in addition the viscous creep of the material has been tested at elevated temperatures. 
In general the viscosity is measured in a bending test and determined by [99]: 
 vI
LF
α
η
3
=                                                                                                    2.29  
where η is the viscosity (dPa s), F is the load (N), L is the distance between the support rods (m), 
I the area specific moment and v the deflection rate (m/s). The factor a is 144 in the case of 
three-point bending and 768 in the case of four-point bending. From the general viscosity 
relationship in equation 2.25 the relationships for constant temperature and constant load testing 
can be derived straight forward. In the case of a constant temperature test the load is applied at a 
particular temperature. The deformation rate at this particular temperature permits a calculation 
of the viscosity [99]:   
 
)(
)(
3
TvI
LFT
α
η =
                
                                                                                      2.30                                                                                                  
In case of a constant load test the load is applied and the temperature is increased during the test. 
A differentiation of the deformation with respect to the time permits a calculation of the viscosity 
[99]: 
)(/)(
)(
3
TtTsI
LFT
∂∂
=
α
η                                                                                             2.31 
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Both methods can be used to determine viscosity. In general, the constant load method reduces 
the experimental effort. 
It has been reported [95] for the Ba-B-Si-Al-O glass system that the viscosity changes from 
4 ·1012 dPa s to 5 ·1011 dPa s when the temperature is increased from 600 °C to 630 °C. Also the 
activation energy (442 - 445 KJ·mol-1) was almost independent from the applied stress and the 
stress exponent was ~ 1. 
2.4.6 Statistical lifetime evaluation 
2.4.6.1 Subcritical crack growth 
The currently studied glass and glass-ceramic materials might show subcritical crack growth 
(SCG) [100] during thermal cycling or stack operation. Therefore, these materials can exhibit 
strength degradation with time under certain environmental conditions, when species chemically 
react with the material´s structure as soon as the material is mechanically stressed. In particular, 
it has been reported [105] that water molecules can be adsorbed into the Si-O-Si networks of 
glassy materials and thereby weaken the bonding and lead to enlargement of cracks. The results 
of experiments which lasted 5 days at 40 °C in water saturated atmosphere are summarized in 
Tab. 2.7 [58]. These experimental conditions are based on the failure relevant condition when the 
stack is cooling down to the RT. The amount of SCG (increase in crack length divided by the 
initial crack length) takes significant values of around 12 % (material B) and 30 % (material H-
P). For both materials, the differences in SCG between initial and aged material were within the 
limit of experimental uncertainty. 
 
Table 2.7:  SCG of materials H-P and B [58]. 
Glass/ceramic 
Average SCG 
(%) 
Aged (500 h) 
Average SCG (%) 
H-P 29 ± 15 23 ± 4 
B 12 ± 8 13 ± 3 
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Fig. 2.22 shows a material B specimen annealed 100 h at 800°C after the SCG test at 40°C in 
humidity separately. The radial crack propagated in two small branches at the edge of the 
impression corner and the radial crack (pointed by arrow). 
 
 
Figure 2.22: (a) Initial indentation crack of B(annealed 100 h at 800°C), (b) after 3 days SCG 
test (at 40 °C water saturated atmosphere) (c) after 5 days SCG test (at 40 °C water saturated 
atmosphere) [72]. 
 
To describe SCG quantitatively, the fracture strength can be measured as a function of loading 
rate. The fracture strength is correlated to stress rate, following the equation [102]: 
𝑙𝑜𝑔 𝜎𝑓 = 1𝑛+1 𝑙𝑜𝑔 ?̇? + 𝑙𝑜𝑔 𝐷                                                                               2.32 
where ?̇? is the stress rate, n and D (in MPa/s) are the SCG parameter. Larger difference in 
strength with different loading rates leads to a higher n parameter, which indicates a higher SCG 
sensitivity. Materials which are sensitive to SCG have n parameters below 20 [100]. The values 
can be used in the strength-probability-time (SPT) diagram [102] to predict the lifetime of a 
component and represent the failure probability as a function of stress and time. 
2.4.6.2 Strength-probability-time diagram 
The characteristic strength 𝜎𝑓  measured at a certain stress rate of ?̇? can be converted into an 
equivalent stress under quasi static loading that would have caused the sample to fail in 1 s with 
a fracture probability of Pf  = 63.2 % following the equation [89][103]: 
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𝜎1𝑠 = 𝜎𝑓  � 𝜎𝑓?̇? ∙(𝑛+1)�1𝑛                                                                                            2.33 
This value gives the initial data point in a SPT diagram. The line passing through the σ1s data 
point indicates the theoretical lifetime of 1s and has a slope equal to the Weibull modulus m. The 
prediction of  lifetime as a function of stress can be performed using the relationship [89]: 
𝑡2
𝑡1
= �𝜎1
𝜎2
�
𝑛
                                                                                                              2.34 
Therefore, it is possible to determine any particular lifetime based on the calculated data for 
structures experiencing constant stresses. Equation 2.15 then can be used to assess the failure 
probability as a function of stress for a given geometry. In order to analyze the influence of the 
specimen or component size on the allowable stress, Equation 2.16 should be used. An example 
of an SPT plot for alumina glass composite is given in Figure 2.23 [104]. In order to reach 50 
years lifetime at a failure probability of 63.2 %, this material should not be constantly loaded 
with stresses higher than 275 MPa. Obviously for application lower failure probabilities are 
relevant. 
 
Figure 2.23:  SPT plot for alumina glass composite [104].
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3 EXPERIMENTAL  
3.1 Material  
The glass/ceramic sealants used in this study were based on the BaO-CaO-SiO2 ternary system. 
Glass ceramic H-P was doped in addition with Al2O3, B2O3, V2O5, ZnO, and YSZ particles (20 
wt. %). Glass ceramic B was only doped with Al2O3. The chemical composition of samples was 
analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Table 3.1). 
 
Table 3.1: Chemical composition of material H-P and B. 
in wt. % BaO SiO2 CaO Additions 
H-P 48.2 29.8 6.1 Al2O3, B2O3, V2O5, ZnO 
B 36.7 46.8 15.8 Al2O3 
 
3.1.1 Processing of glass bars 
The raw materials were obtained from Merck KGaA Darmstadt and had a purity grade higher 
than 99 %. Batches were prepared by mixing an appropriate mole fraction of oxide ingredients in 
acetone using mortar and pesta. After that, the mixed powders were dried and kept in a platinum 
crucible. This powder mass was molten with programmed heating in an electric furnace (at 
1480 °C) [105]. To obtain the bulk glass sample, the melt was poured into a graphite mold and 
was transferred to a preheated (60 °C) chamber furnace as soon as it was dimensionally stable 
[105]. Afterwards the piece was cooled slowly to room temperature. For a better homogenization 
of the glass, the melting procedure was carried out twice. For material B, the bulk glass is 
obtained from the melt by pouring in a graphite form and tempering. It was not quenched, and 
processed like the H-P materials. A flowchart for both production processes for materials H-P 
and B is given in Fig. 3.2. 
The remaining parts of the melts are used for making frits. For the procedure of H-P, the glass 
frits were wet-milled in acetone in an agate ball mill to a median particle size of 10 - 13 μm, 
dried and then sieved through a mesh size of 0.32 µm to collect powders. The powders were then 
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mixed with YSZ particles and pressed. A cold pressing machine was used to form thin 
rectangular specimens from the mixed powders of H-P and B material for bending testing (4 mm 
× 5 mm × 26 mm). The specimens were heated with a rate of 5 K/min and sintered at 850 °C for 
10 h (H-P) and 950 °C for 10 h (B), respectively. Then, they were cooled down to room 
temperature with a rate of 5 K/min.  
 
 
Figure 3.1: Preparation of sintered bars. 
 
 
 
Figure 3.2: Production flowchart of materials B and H-P. 
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3.1.2 Preparation of joined specimens 
In order to evaluate the microstructure and local mechanical properties of sealant materials in a 
stack typical geometry, as joined specimens with two square-shaped steel plates were made 
available by the ZEA-1 (Central Institute for Engineering, Electronics and Analytics) of 
Forschungszentrum Jülich(Fig. 3.3). High chromium-containing ferritic steel (Corfer 22H) 
produced by Thyssen Krupp VDM in square shape having a drilled hole of 10 mm in the middle 
was used in this study due to materials’ availability. For the application of the glass, powders (H-
P and B, separately) were prepared and blended to paste using ethyl cellulose as binder in 
terpineol (18wt.%), and dispensed by robot tracking to the steel surface [106] (Fig. 3.2). The 
glass paste was applied to the circumference of one of the metallic sheets. The joining of the 
specimen in air was carried out by placing a dead load of 1000 g on top of the second steel 
surface, heating up to 850 °C in a resistance-heated chamber with heating rate of 2 K/min, a hold 
time of 20 h and cooling to RT with 2K/min [47]. 
 
 
Figure 3.3: Cross-section of as joined specimen (half of the circumference metal-glass-metal 
structure) (left) and schematic sketch of top view of as joined specimen (right). 
3.1.3 Preparation of head-to-head joined specimens 
The head-to-head joined specimens were prepared for both H-P and B sealant in an in-house 
developed sealing device (Fig. 3.4). Crofer22APU steel (surface condition: grinded) was used as 
material to be joined by the glass sealant. For the application of the glass, powders (H-P and B, 
separately) were prepared and blended to paste using ethyl cellulose as binder in terpineol (18 
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wt. %), then dispensed by screen printing to the steel surface (Fig. 3.4c). Considering the real 
application, the sealant thickness in a SOFC stack is typically around 200 µm. In SOFC stacks 
the sealant is deposted as a paste, which was not possible for the head joined specimens due to 
the limited surface area. Hence, to get closer to the real stack like geometry, two methods to 
enhance the thickness were tested, multiple screen printing and printing on both steel substrates 
(Fig. 3.5 left). Then, the metal pieces were fixed into the joining holder for the further heat 
treatment (Tab. 3.2). A schematic drawing of a specimen in the joined state is shown in Fig. 3.4a. 
Specimens were tested in the as-joined state and after additional polishing of either the tensile 
side or of all surfaces (Fig. 3.5 right).  
 
 
Figure 3.4: (a) Joining jig for the head-to-head joined specimen (b) Head-to-head joined 
specimen geometry (c) Screen printing machine. 
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Figure 3.5:  Double and single layer head-to-head joined specimens (left) and sample with and 
without polishing (right). 
3.1.4 Thermal treatment 
Since material B is almost fully crystallized, only the initial state was considered in the 
investigations. For the H-P material the investigations were performed in two states, initial state 
and annealed state with several annealing treatments (Tab. 3.2). The temperatures of the heat 
treatment followed the guidelines given by the ZEA-1 according to their optimization of the 
viscosity and crystallization of the material. For the annealed state, specimens were cooled down 
after sintering, and then heated up again to the annealing temperature with same temperature rate 
of 5 K/min as before. 
 
Table 3.2: Heat treatment conditions for H-P and B 
Samples Heat treatment Investigations 
 
H-P 
glass bar 
initial state 
(sintered at 850 °C for 10 h) 
annealed state 
(annealed at 800 °C for 500 h) 
mechanical properties 
effect of annealing on strength 
and strain joined glass 
 
B 
glass bar initial state 
(sintered at 950 °C for 10 h) 
mechanical properties 
 joined glass 
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3.2 Microstructural characterization 
3.2.1 Microscopy 
The microstructure of the specimens was investigated by light (LM: Zeiss Axiomat), confocal 
laser scanning (CM: Keyence VK-9500) and scanning electron microscopy (LEO 440, Zeiss 
Merlin, INCAEnergy). Specimens are prepared before the analysis, by cutting into small pieces 
(Linear Precision Saw), embedding them in epoxy resin and grinding with silicon carbide papers 
with stepwise decreasing size of abrasive particles (240 up to 4000 grit) and subsequently 
polishing with diamond pastes and suspensions with grain sizes from 3 to ¼ µm. The volume 
fraction (without porosity) of both materials (H-P and B) are listed in Tab. 3.3 [58]. 
 
Table 3.3: Volume fraction of phases for H-P and B material [58]. 
Material Crystallized phase Amorphous phase ZrO2 phase 
H-P 
initial state ~ 10 % ~ 80 % ~ 10 % 
annealed state ~ 30 % ~ 60 % ~ 10 % 
B        (initial state) ~ 90 % ~ 10 %  
 
3.2.2 X-ray diffraction 
The phase analysis was performed by X-ray diffraction using a Siemens D5000 diffractometer, 
equipped with an X-ray tube with copper anode (λ = 1.5418Ả), at ambient temperature using a 
step scan procedure (0.02°/2  step, count time 5s) employing Cu- Ka radiation. 
3.2.3 DTA 
Differential thermal analysis (DTA) was performed to identify and quantitatively analyze the 
chemical reactions by recording the temperature difference between the material and a reference 
standard under identical thermal conditions. In this study, the calcination and melting 
temperature of materials H-P and B were analyzed by a high resolution thermal analysis device 
(STA 449C Jupiter, Netzsch GmbH, Germany) combined with thermo-gravimetriy (TG) in 
synthetic air atmosphere (N2:O2 = 4 vol.%:1 vol.%). The resolution of TG is 0.1 μg for the 
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balance and < 1 μW for the DSC signal. Before any DTA/TG analysis of glass samples, the 
system had to be calibrated firstly by recording the difference of an empty crucible compared to 
the reference during a monitored temperature program. In this way, the measured signals of glass 
samples became independent of the crucible and references. 
 
3.3 Indentation test 
A Fischerscope HC100 indention system and a combined CSM indenter with Vicker diamond 
tips were used for characterization. The resolution of the measurement was 0.1 mN for both. The 
maximum load of the Fischerscope indenter is 1 N and for the CSM device 10 N. Prior to the 
measurements, the machines were calibrated with a fused silica (vi = 0.17 and Ei = 72 GPa) 
reference sample. The experiments were conducted at loads of 10 mN, 100 mN, 300 mN, 500 
mN, 800mN and 1000 mN to determine elastic modulus and hardness (see Tab. 3.4). Both, the 
loading and unloading times were 30 s. At least 10 indents were made at each load at different 
locations of the specimens. Additional tests for fracture toughness determination were performed 
with higher load (from 2 N to 10 N). 
 
Table 3.4: Indentation tests for materials H-P and B. 
Indentation test (at RT) 
As joined H-P 
As joined B 
 
 
 
 
Stack 
H-P 
stack operated 
at 700 °C /1500 h 
surface 
cross-section 
stack operated 
at 800 °C/ 1000 h 
surface 
cross-section 
stack operated 
at 800 °C/ 19000 h 
P1 
P2 
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An example of a series of indentation tests for material H-P is shown in Fig. 3.6. Irregular curves 
(example highlighted in red) were removed from the data set since the associated low Young´s 
modulus and hardness values in these tests might have been related to irregular events occurring 
when indenting close to or into pores. 
 
 
Figure 3.6: Schematic representation of a typical series of indentation load-displacement curves 
obtained for material H-P. 
 
3.3.1 Slow crack growth test 
Considering the early studies of the SCG behavior [58], surface reactions of material H-P 
disturbed the observation by microscopy after SCG test. For the long term SCG test only 
material B was considered. An embedded material B specimen in the initial state was grinded 
and polished, and afterwards indentation tested (about 15 points with applied load 10 N). The 
sample was stored under normal laboratory condition (in air) for 1 year, a condition typical for 
the shut down time of a SOFC stack in a stationary system that might only operate in the cold 
season to supply heat and electricity, and then the length of the indentation crack in the surface 
was re-examined.  
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3.4 Mechanical characterization 
3.4.1 Impulse excitation technique 
The temperature dependency of the elastic modulus was determined by impulse excitation 
measurements carried out with sintered bar-shaped specimens using a commercial GrindoSonic 
system (Lemmens KG, Belgium). The samples and the detector were placed in the furnace of the 
system. The elastic modulus E was determined from room temperature to ~ 800 °C in air by 
analyzing the free specimen resonance as outlined in ASTM E1876-09 (Tab. 3.5). 
 
 
Figure 3.7: (a) Set-up for impulse excitation tests in air (b) typical resonance signal of the 
specimen induced by push rod. 
 
Table 3.5: Impulse excitation tests at H-P and B materials 
Impulse excitation test RT to 800 °C 
 
 
Sintered bar 
 H-P 
sintered heating / cooling 
annealed at 
800 °C / 500 h heating / cooling 
annealed at 
850 °C / 500 h heating / cooling 
Sintered bar B heating / cooling 
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3.4.2 Bending test 
The fracture strength of samples was investigated by four-point-bending tests. These tests were 
performed using an Instron 1362 test machine (Fig. 3.8). The central displacement (fm) of 
specimens was detected with a sensor in contact with the lower (tensile loaded) surface of the 
sample. The displacement (ft) of the supports was measured with a ceramic extension rod 
attached to a linear variable differential transformer (Sangamo, LVDT, range ± 1 mm, precision 
1.25 μm). The load was determined with a 1.5 kN load cell (Interface 1210 BLR). A four-point 
flexure fixture with inner Li = 20 mm and outer span L = 40 mm was used. Tests were carried out 
from room temperature up to 800 °C. An overview of the performed bending tests is given in 
Tab. 3.6. 
 
 
Figure 3.8: Bending test set-up. 
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Table 3.6: Bending tests for H-P and B materials. 
Bend test 
(0.6 MPa/s) 
Samples 
RT 400 °C 700 °C 800 °C 
Sintered bar 
B 3 
  
1 
H-P 3 
  
1 
Head-to-
head joined 
B double 
13 
(6 more with 0.06 
and 0.006 MPa/s)   
3 
single 10    
H-P double 
10 
(6 more with 0.06 
and 0.006 MPa/s) 
5 5 1 
single 10   2 
H-P 
single 
unpolished 5    
polished 10    
H-P 
double 
sintered 4   2 
annealed at 
800 °C/ 500 h 4   
2 
annealed at 
800 °C/ 500 h 4   
2 
 
3.4.3 Compressive test 
The compression creep tests were carried out at glass bar specimens. Rectangular specimens 
were uniaxially loaded between two supports. The specimens were cut into 4 mm × 5 mm × 13 
mm bars. Tests were performed using an Instron 1362 testing machine (Fig. 3.9). A linear 
variable differential transformer (Sangamo, range ±1 mm, precision 1.25 µm) was used to 
measure the vertical displacement. The transformer was coupled with the half-sphere in the 
clamping device by an alumina rod. The load was measured by load cells with 10 kN range 
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(1210 ACK, Interface Company). The temperature was monitored close to the outer specimen 
surface with a type K thermocouple. 
 
Figure 3.9: Compression test set-up. 
The tests were carried out in air from 600 °C up to 900 °C, for H-P (non-annealed, annealed) and 
B bars (see Tab. 3.7). The specimens were heated in load free state with a heating rate of 8 
K/min. A dwell time of 1 h was chosen to reach thermal equilibrium before testing. The applied 
stress was varied from 1 to 45 MPa.   
 
Figure 3.10: Bar samples for compressive testing. 
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Table 3.7:  Applied stresses in MPa for materials H-P and B in compressive tests.  
Temperature 
/Material 
H-P B 
not annealed annealed  
800 °C /500 h 
annealed  
800 °C /500 h 
not annealed 
600 °C 1, 2, 3    
650 °C 1, 2, 3    
700 °C 1, 2, 3 15, 30, 45 30  
750 °C 1 15, 30, 45 30  
800 °C  15, 30, 45 30 15, 30, 45 
850 °C  15, 30, 45 30 15, 30, 45 
900 °C    15, 30, 45 
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4 RESULTS AND DISCUSSION 
4.1 Microstructure 
Microstructures of the non-aged and aged sintered H-P bar type specimens obtained using SEM 
analysis are shown (Fig. 4.1a, 4.1b) [58]. For the non-aged sintered H-P bars, these SEM 
micrographs indicate growth of crystalline phases in the glassy matrix. The white flakes appear 
to be the crystalline phases, while the residual glass is the grey region. The big white structures 
are the YSZ particles and there are some micro-voids, which are probably generated during the 
crystallization process [67]. In spite of the availability of large interface areas between YSZ 
particles and glass matrix, the glass appears to nucleate and crystallize rather uninfluenced by 
these particles even for longer aging times. During heat treatment for 500 h at 800 °C of the aged 
sintered H-P bars, volume and grain boundary diffusion take place. The crystalline phases are 
still randomly distributed in the remaining glassy matrix. With exception of the big white 
particles, the fine and uniform crystalline structure and micro-voids throughout the bulk of the 
aged H-P material are the main characteristics. Note that, still a significant amount of residual 
glassy phase (about 80 % [67]) is present. More homogenous phases and increased densification 
with varying degrees are obtained. It can be seen in the SEM images that the crystallization 
results in significant changes of the microstructures. All phases appear to be more homogenously 
dispersed in the form of finer particles compared to the initial state. 
Microstructures of the non-aged sintered material B bars are shown in Fig. 4.1c [58]. For the 
non-aged sintered type B bar, the SEM micrographs indicate mainly crystalline phases (~ 90 %  
[60]) and smaller pores than observed for sealant H-P. There is no residual glassy phase visible 
opposite to sealant H-P. Consequently, after 500 h heat treatment at 800 °C, the aged sintered 
material B bar does not appear to differ from the initial state [58]. The crystalline phases are 
homogenously dispersed in the form of fine needles similar as before the heat treatment.  
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Figure 4.1: SEM images of materials H-P and B [58], (a) H-P sintered state (at 850 °C for 10 
h , (b) H-P annealed state (at 800 °C for 500 h), (c) B sintered state (at 950 °C for 10 h). 
 
 
Figure 4.2: SEM images (a) as-joined sealant H-P and (b) as-joined B, head-to-head joined 
specimens. 
 
Fig. 4.2 shows the structures of sealant H-P and B obtained from head-to-head joined specimens 
in the SOFC stack-relevant sandwich geometry as thin layer between two steel blocks. 
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Crystallization state and structure of as-joined material B are in good agreement with the sintered 
B material bar for the corresponding heat treatment state. But the as-joined H-P material has a 
different pore distribution. While the sintered H-P bar shows a rather uniform distribution of 
small pores, a smaller number of larger pores are found in the as-joined H-P sample. The YSZ 
particles have been investigated by a complementary EDX element analysis yielding the 
composition ZrO1.95 (Fig. 4.3). Micro-cracks can be observed in the images of the as-joined 
sealant H-P (Fig. 4.3a), which might be secondary fracture features or generated during the 
specimens heat treatment (cooling process). 
 
 
 
Figure 4.3: (a) SEM image of as joined H-P and (b) SEM/EDX analysis of the structure of 
material H-P. 
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4.2 X-ray analysis 
X-ray diffraction patterns have been obtained for H-P and B specimens (bars) (see section 3.2.2). 
Fig. 4.4 [58] shows the XRD patterns for the non-aged and aged H-P material (annealed at 
800 °C for 500 h). As can be seen in Fig. 4.4a, only few phase peaks were found in the non-aged 
H-P material (~ 10 % crystalline phases [58]). The high background (green line) with a raise of 
the baseline between 20 ~ 35° is an indication of a high content of amorphous phase. However, 
the number of phase peaks increases significantly for the aged H-P material in comparison to the 
non-aged state indicating existence of different crystalline phases in this material. Compared 
with the non-aged H-P material, the new crystalline phases Zr0.84Y0.16O1.92 and CaSrAl2SiO7 
appeared after aging in addition to the Ba0.808 (Al1.71Si2.29)O8, Ba5Si8O21 phases, which existed 
already in the non-aged material.  
 
 
 
 
 
 
 
 
 
 
 
  Section 4- RESULTS AND DISCUSSION 
 
56 
 
 
 
Figure 4.4: XRD patterns of the sealant H-P, (a) sintered state and (b) annealed state [58]. 
 
For material B, the XRD spectra in Fig. 4.5 [58] reveal the same pattern for the non-aged and 
aged (annealed at 800 °C for 500 h) specimens. No new crystalline phases form after 500 h 
annealing.  
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Figure 4.5: XRD patterns of the as joined sealant B [58]. 
 
This implies that the material is in a stable crystallization state after sintering at 950 °C for 10 h. 
The volume fraction of crystalline phases is basically unchanged after an additional annealing for 
500 h at 800 °C verifying that the main crystallization happens during the initial sealing step for 
material B.  
4.3 Thermal analysis 
Additional characterizations were carried out for the H-P and B material using DTA/ TG in air 
with a heating rate of 2 K min-1 (see section 3.2.3). No major effects are observed in the typical 
operation temperature range up to 800 °C. The increase in the DTA signals (Fig. 4.6) between 
850 °C and 900 °C might be attributed to a change in heat capacity that could be an indication of 
a second order phase transition.     
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Figure 4.6: DTA signals for materials H-P and B versus temperature. 
 
Thermal expansion coefficients (CTEs) of materials H-P and B are compared in Fig. 4.7 [53] to 
the values of the interconnect steel (Crofer 22 APU) and NiO/YSZ anode substrate [53]. The 
CTE of glass H-P reveals a strong increase when the glass transition temperature (Tg) of about 
640 °C is approached. The softening temperature (Ts) of about 750 °C can be seen as a peak in 
the CTE curve. The Tg of glass B was observed to be at about 700 °C, and overall the CTE values 
were higher than for glass H-P. The Ts of glass B was obtained around the same temperature as 
for glass H-P. Since the CTE of glass-ceramic H-P is smaller than that of metallic parts and 
cermet, compressive stresses will be induced into the sealant during cooling which is 
advantageous for sealant materials. It has been verified in numerous stack tests that the sealant 
survives stack operation and moderate thermal cycling and that in fact thermal cycling induced 
stresses generated by temperature gradients (Fig. 2.13) are the main failure reason, which is an 
effect not related to CTE differences [53]. The CTE-temperature curve of glass-ceramic B did 
not display any indications of a transition or softening temperature up to 900 °C as a result of the 
almost fully crystallized state of the material. 
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Figure 4.7: CTE of materials B and H-P in the glassy (Fig. 3.2) and crystallized state [53]. 
 
It has been discussed in [107] that a transition temperature change as indicated here for material 
H-P can be associated with a different composition of the remaining glassy matrix after the 
crystallization process, i.e. when the concentration of crystalline phase is low, the cross-linking 
density of the remaining glass will decrease, resulting in a decrease of the Tg. Overall, for a 
typical stack operation temperature (~ 800 °C), the CTE of the glass-ceramic H-P is close to 9 × 
10-6 K-1, for the glass-ceramic B close to 12 × 10-6 K-1. 
 
4.4 Young´s modulus 
4.4.1 As joined material 
The Young´s modulus was determined using indentation test at room temperature for the as-
joined material with 200 µm thick sealants. It is known for coatings characterized by indentation 
to the surface of a layer, that the Young´s modulus and other mechanical properties are 
influenced by the underlying substrate once the indentation depth exceeds ~ 1/10 of the coating 
thickness. Hence, initially it was necessary to investigate if the properties of material can be 
determined in such sandwich geometry [108]. Hence, multiple indentations have been placed on 
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the polished side surface of H-P and B specimens, separately; starting close to one steel-joining 
partner and increasing the distance till the second steel-joining partner was reached. 
Tests have been carried out with loads of 10 to 300 mN, since, with increasing load, the size of 
elastic and plastic zones increases, and a stronger effect of the steel might be expected. The plots 
(Fig. 4.8) show that the Young´s modulus as a function of the position for the as joined H-P 
material is rather constant across the sealant layer. The effects of pores and local anisotropies are 
small in the individual elastic modulus measurements due to the large size of the elastic 
deformation zone. An influence of the steel can only be seen close to the interface to the metallic 
material. Hence, through indention in the center of this cross section-like structure, a 
characterization of the sealant material can be achieved.  
 
 
Figure 4.8: Young´s modulus as a function of the indentation position. 
 
For a more accurate determination of Young´s modulus and to minimize the effect of the steel, a 
large number of indentation tests have been carried out in the sealant in the center between the 
steel substrates parallel to the interface with the steel plates. The tests have been carried out with 
loads ranging from 10 mN to 1000 mN, respectively (see Tab. 3.4). Table 4.1 shows the results 
of the as-joined materials H-P and B including uncertainties. In addition, a comparison with the 
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properties of sintered H-P and B bars after the same thermal treatments was carried out [67]. The 
as-jointed material B has ~ 10 % higher Young´s modulus than the sintered bars, which might be 
an indication of stronger crystallization of the material in thin layer geometry. However, the 
scatter of Young´s modulus of as-joined sealant H-P might be a result of the larger porosity and 
bigger pores than observed for sintered H-P bars (Fig. 4.1, 4.2), i.e. in a local impression test, it 
is unlikely that a pore is hit, and therefore lower Young´s modulus values are obtained. 
 
Table 4.1: Comparison of the Young´s modulus of as-joined and bar sealants H-P and B (applied 
indentation loads from 10mN to 1000mN). 
Material E  /  GPa 
as joined bar 
H-P 80 ± 15 73 ± 8 
B 86 ±  3 77 ± 3 
 
4.4.2 Stacks with sealant H-P  
The Young´s modulus from the outer sealant region (Fig. 2.4) of stacks operated for 1500 h at 
700 °C and 1000 h and 19000 h, respectively, at 800°C have been characterized. Results are 
summarized in the table below and compared to the Young´s modulus of sintered bars after 
similar heat treatment. As the stacks were dismantled before specimens were extracted, the 
samples consisted of a fractured layer on a steel substrate, which was then embedded to perform 
the indentation tests in the cross-section. 
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Table 4.2: Young´s modulus of stacks with sealant H-P and sintered H-P bars (applied 
indentation loads from 10mN to 1000mN).  
Material E-Modulus /GPa 
Stack 
H-P 
stack operated at 700 °C /1500 h 57 ± 4 
stack operated at 800 °C/ 1000 h 70 ± 10 
stack operated at 800 °C/ 19000 h 90 ± 10 
Sintered bar 
H-P 
sintered at 850 °C/10 h 73 ± 8 
add. annealed at 800 °C /500 h 79 ± 6 
 
To gain information on the effect of the long term stack operation on the materials’ composition 
X-Ray diffraction patterns have been obtained for the sealant H-P that was extracted from the 
SOFC stack operated 19000 h at 800 °C (Fig. 4.9) and compared with specimens in the initial 
(850 °C/ 10 h) and aged state (850 °C/ 10 h + 800 °C/ 500 h). During the time at elevated 
temperatures the main crystalline phase formed is hexagonal Ba0.808(Al1.71Si2.29)O8, a polymorph 
of celsian. When the glass ceramics are heat treated for a longer period of time around 19000 h, 
the hexagonal phase begins to transform to the sarborrite BaSi8O5.  The second phase tetragonal 
ZrO1.95 main peak around 50° generated during the initial heat treatment (850 °C for 10 h) 
transformed to the monoclinic ZrO2 and the new crystalline phase precipitated was cubic 
(( ZrO2)0.88(Y2O3)0.12)0.893 indicated by a main peak around 60° according to the XRD results. 
The higher Young´s modulus value of H-P after 19000 h at 800 °C (Tab. 4.3) could be caused by 
this transformation reflected in the XRD result considering the high Young´s modulus of YSZ 
particles (~ 200 GPa). 
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Figure 4.9: Comparison of XRD pattern of sealant H-P after different annealed times. 
 
In fact, the sealant microstructure from the stack operated at 700 ° C showed good agreement 
with samples in the as-joined state (compare Fig. 4.2 with Fig. 4.10a), which implies that there is 
no significant crystallization taking place during the stack operation at 700 °C. Note that the 
material from the stack operated at 700° C yielded significantly lower Young´s moduli. The 
Young´s modulus of the specimens from the stack operated at 800 °C for 1000 h was similar as 
for the sintered H-P bars, indicating that the crystallization did not progress significantly. But the 
stack operated for 19000 h at 800 °C (Fig. 4.11) revealed a different pore distribution, with more 
homogenously distributed uniform pores. 
Compared to the previous tests on sintered and as-joined specimens, the lower stack operation 
temperature yielded significantly lower Young´s moduli. However the impression tests were also 
carried out for further comparison on the polished fracture surfaces of specimens to assess 
roughness effects. 
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Figure 4.10: H-P sealants from a stack (a) operated at 700 °C for 1500 h and (b) operated at 
800 °C for 1000 h. 
 
 
Figure 4.11: Microstructure of H-P sealants from a stack operated at 800 °C for 19000 h. 
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Table 4.3: Comparison of Young´s modulus of sealant H-P after stack operation (applied 
indentation loads from 10mN to 1000mN). 
Sealant H-P E-Modulus /GPa 
Stack operated at 700°C 
/1500 h 
surface 48 ± 6  (33 ± 6 not polished ) 
cross-section 57 ± 4 
Stack operated at 800°C 
/1000 h 
surface 70 ± 4 (63 ± 8 not polished) 
cross-section 70 ± 6 
 
Comparing the data indicates that the mechanical parameters for stack operated at 700°C are 
changed slightly by the polishing process due to the reduced roughness of the materials. 
Nevertheless, overall the Young´s moduli agree within the limits of uncertainty for surface and 
cross-section. The properties of sealant H-P after 19000 h operation have been investigated in 
more detail. Two different sealant consignments have been used in the stack that led to dense (P1) 
(outer sealant) and porous (P2) (inner sealant) material, respectively, Fig. 4.12 (detail of stack 
Fig. 2.4).   
 
 
Figure 4.12: H-P sealant in the stack. 
 
Table 4.4 lists the Young´s modulus data from indentation tests at the positions P1 and P2, which 
agree within the uncertainty with the calculation of the measurements evaluated using equation 
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2.4 (nominal dense state E0: ~ 130 GPa; P1: 10 % porosity, ~ 98 GPa; P2: 35 % porosity, ~ 40 
GPa). This proves that the dense structure has a higher modulus than the porous one, although it 
has to be considered that the higher porosity also leads to a higher uncertainty.  
 
Table 4.4: Comparison of Young´s modulus of sealant in the stack (applied indentation loads 
from 10mN to 1000mN). 
Sealant  H-P E-Modulus  /GPa 
Stack operated at 800 °C/ 
19000 h 
P1 100 ± 10 
P2 50 ± 16 
 
4.4.3 Sintered bars 
In addition, the temperature dependency of Young´s modulus was determined for materials B 
and H-P by impulse excitation testing in air. The plot below gives the results for a B type 
sintered bar in the initial state between room temperature and the typical stack operation 
temperature of 800 °C. Heating and cooling curves show good agreement (Fig. 4.13). A small 
overall decrease of ~ 10 % is observed between room temperature and 800 °C. The local 
minimum at 200 °C might be associated with a phase transition. Current techniques do not 
permit further verification. The room temperature Young´s modulus obtained using indentation 
(~ 86 ± 3 GPa in Tab. 4.1) supports the impulse excitation test result. 
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Figure 4.13: Young´s modulus of sintered B material bar as a function of temperature as 
obtained from the impulse excitation test. 
 
The impulse excitation tests were also carried out from room temperature to 850 °C for the H-P 
material in the as-sintered state, annealed at 800 °C for 500 h, and annealed at 850 °C for 500 h 
(Fig. 4.14). All the materials show a similar Young´s modulus decrease with increasing 
temperature. The apparent Young´s modulus decreased similarly by ~ 10 % from room 
temperature to 650 °C, however, dropped strongly above this temperature due to softening of the 
glassy matrix. Furthermore, the Young´s modulus value at room temperature (~ 45 GPa) was 
lower than the indentation test result given above (~ 80 ± 3 GPa, Tab. 4.1). Considering the 
former good agreement of the results from both, indentation and impulse excitation tests for 
material B, the high porosity of material H-P (up to 40 % [109]) appeared to influence the 
impulse excitation test, since the result of this method represents the integral property of the 
entire specimen volume. Material B is almost homogenous with very low porosity of  around 1 % 
[109] (Fig.4.2).  
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Figure 4.14: Young´s modulus of sealant H-P as a function of temperature as obtained from 
impulse excitation testing. 
 
It appeared from several repeated heating tests that porous materials led to an unstable 
measurement during heating, as can be seen by comparing it to the cooling test result. Such an 
influence is not observed for the less porous material B. However, the glass transition 
temperature is clearly reflected by the sharp decrease during the heating process at around 
650 °C. The plots are given here only for temperatures below 800 °C (around 780 °C) due to 
softening of the H-P bar that led to sticking on the sensor. The glass softening temperature is in 
good agreement with the value determined from the CTE curve (~ 750 °C) (Fig. 4.7).      
Young´s moduli for both B and H-P sintered bar materials have been obtained with three 
different test methods (Fig. 4.15). For material H-P, impulse excitation test showed good 
agreement with the bending test results (see section 4.9.1), whereas the indentation test leads to 
75 % higher values (73 ± 8 GPa) due to the localization of the test result related to the amount of 
the dense areas with higher local Young´s modulus in the globally porous material. The 
threshold above which the indentation Young’s modulus data for H-P material were considered 
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to be valid was 40 GPa. Lower data were associated with irregular load-displacement curves (see 
Fig. 3.6) and hence omitted. 
For the material B, the global values determined from bending and impulse excitation tests 
revealed similar results. Considering the almost non-porous structure of material B, the values 
from indentation test also are in good agreement with other methods. The threshold for valid 
indentation Young’s modulus data of material B was 70 GPa. Again, lower values were 
associated with irregular curves (Fig. 3.6) and hence omitted. 
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Figure 4.15: Comparison of Young´s moduli obtained using different methods 
. 
4.5 Hardness 
The hardness obtained by indentation test for the as joined H-P and B material has also been 
analyzed for a sandwich geometry (Fig. 3.3) using loads from 10 ~ 300 mN. The large scatter in 
the hardness values (Fig. 4.16) compared with the corresponding plots of the Young´s modulus 
(Fig. 4.8), results from the strong effect of the local crystallization state and pores, which does 
not permit a precise conclusion on the properties of the sealant (Fig. 4.2). Note the elastic 
deformation zone around the indenter is always around 10 times larger than the plastic zone and 
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hence the influence of pores and local inhomogeneity is always more affecting hardness values 
than Young´s modulus. Nevertheless, it can be seen that the hardness of the sealant is higher than 
that of the steel. Furthermore, the influence of the steel becomes stronger with increased applied 
load, which was not observed in the Young´s modulus measurements (Fig. 4.8). 
 
 
Figure 4.16: Hardness as a function of the indentation position. 
 
The hardness values of material B and H-P were also determined by impression tests with a load 
range from 10 mN to 1 N in the center of the sealant layer. 10 impressions were applied at loads 
of 10, 100, 300, 500, 1000 mN, separately. Fig. 4.17 illustrates the load-dependency of hardness 
of both as joined B and H-P material. The hardness becomes almost load independent above 100 
mN for B, however, the hardness for H-P is still load-depend till 300 mN. It might be expected 
that the  indentation hardness measured in the sealant reaches the values of steel for higher loads, 
which was not observed in the current case. An important difference between the current test and 
standard tests with indentation perpendicular to a thin coating is that, independent of the load, 
there is, compared to the indentation stress field, almost a sufficiently large column of glass 
ceramic under the indenter. Hence the indentation hardness value obtained at higher loads should 
approach a value between the Voigt and Reuss limits [110] for a composite material of steel and 
glass-ceramic. The values corresponding to the lowest load should be representative for the 
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properties of the dense crystallized phase, whereas the values at higher loads are influenced by 
the non-crystallized matrix phase, pores and the surrounding steel. The threshold where regular 
curves for H-P material could be evaluated is around 4 GPa, for material B, it is 5 GPa. Lower 
data were associated with irregular curves and hence omitted. 
 
 
Figure 4.17: Hardness-indentation load dependency for material H-P and B. 
 
Table 4.5 summarizes the hardness values of both as joined materials and compares it to sealants 
from stack (also hardness value of sintered bar as reference). As-joined H-P and B sealants have 
a similar hardness as the respective sintered bars. The values for H-P sealant from the stack 
operated at 700 °C for 1500 h are lower than for the as-joined H-P material, which might be a 
result of the large pores and also proves the still rather amorphous state of the material H-P if 
operated at such rather low temperatures in a stack. 
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Table 4.5: Comparison of indentation hardness values (applied indentation loads from 10mN to 
1000mN). 
Material Hardness  / GPa 
As joined B 950 °C / 10 h 7 ± 1 
Sintered bar B 950 °C / 10 h 7 ± 1 
As joined H-P 850 °C / 10 h 6 ± 2 
Sintered bar H-P 850 °C / 10 h 6 ± 1 
 
 
Stack H-P 
 
Stack operated at 
700 °C / 1500 h 
4 ± 1 
Stack operated at 
800 °C / 1000 h 
5 ± 1 
Stack operated at 
800 °C / 19000 h 
7 ± 1 
 
4.6 Fracture toughness 
4.6.1 As-joined sealant 
In addition to the Young´s modulus and hardness values reported above, the fracture toughness 
was also determined using indentation testing. In order to determine this parameter additional 
indentation tests with higher loads (loads of 2 ~ 10 N) have been carried out. Initially, it was also 
envisaged to assess the fracture toughness of the interface by placing the indentation marks 
directly at the border between glass ceramic and metal. However, characterization of the 
interfacial fracture toughness was not possible since indentations into the interface always 
resulted in cracks that deflected into the glass ceramic layer (Fig. 4.18). 
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Figure 4.18: Typical indentation impression applied 2 N loads (a) in the interface and (b) in the 
center of the sealant for as joined material H-P. 
 
In case of indentations in the center of the sealant, distinct indentation cracks were observed with 
preferential orientation parallel to the glass ceramic-steel interface. Fig. 4.19 illustrates this crack 
type for as joined material B and compares it with the cracks generated by indentation of a 
sintered material B bar. Cracks in the direction perpendicular to the interface were mostly 
inhibited presumably due to changes of the stress field by the steel substrates. Due to the well 
adapted CTE of sealant B, the sealant material should be almost stress free, whereas the lower 
CTE of sealant H-P should results in compressive stress. Hence, significant cracks for both, as-
joined H-P and B materials could only be detected and used for evaluation for the direction 
parallel to the joint planes. 
 
 
Figure 4.19: Typical indentation impression (applied load 5 N) (a) in the as-joined material B 
and (b) a sintered glass ceramic B bar.  
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The evaluation of fracture toughness has to be based on different equations depending on the 
ratio of indentation crack length to impression diameter (see section 2.4.3). A distinction has to 
be made between the so-called median-radial and Palmqvist type cracks (Fig. 2.17). In the 
current work the cracks satisfied the condition for the median-radial cracks (l / a ≈ 0.25 to 2.5) 
and Palmqvist type cracks (c / a > 2.5) and hence, both eq. 2.8 and 2.9 were used. 
Hardness and modulus values measured at a particular load (from 1 N to 10 N) in the middle of 
the layer (see Fig.4.20) were used for evaluation; the fracture toughness appeared to become 
roughly independent of load above 5 N (see Fig. 4.21). 
 
 
Figure 4.20: Schematic illustration of the indentation procedure used for fracture toughness 
evaluation. 
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Figure 4.21: Fracture toughness-indentation load dependency for material H-P. 
 
Table 4.6 compares the fracture toughness of as-joined sealants H-P and B to the values of 
sintered bars assessed previously (see section 2.4.3). The value determined for material H-P 
using the equation for Palmqvist type cracks revealed good agreement with the values of the 
sintered bars. Note that in the case of sintered bars, higher loads could be used due to the larger 
specimens’ size, and hence much longer cracks were obtained. Therefore, the analysis was based 
in this case on the relationship for median-radial cracks. The fracture toughness values of 
material B calculated by both equations agree with in the limits of uncertainty with the value 
determined for the sintered bar. The higher value obtained for the as-joined material H-P might 
be related to the reinforcement effect of the YSZ particle. The aged material B shows the same 
fracture toughness as for the sintered state, whereas higher values were obtained for aged 
material H-P than for the respective as-sintered state. 
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Table 4.6: Fracture toughness of samples in joined geometry compared to sintered compacts 
(applied indentation loads from 2N to 10N). 
 
4.6.2 Stacks 
As already mentioned above, the material H-P from the SOFC stack operated for 1000 h at 
800 °C (Fig.4.10b) has a similar microstructure as an annealed sintered bar (Fig. 4.1) and also 
showed fair agreement with the modulus and hardness properties observed for the annealed 
specimens (see Tab. 4.2, 4.3, 4.5). However, the fracture toughness of the specimen from the 
stack operated 1000 h at 800 °C is significantly higher than for the stack operated at 700 °C for 
1500 h, whereas for the specimens from the stack operated 19000 h at 800 °C a lower fracture 
toughness value is obtained, which might be a result of micro-pores (see Fig.4.11) that are 
formed after long-term operation [111] due to the progressive crystallization of the material. Fig. 
4.11 verifies that the degree of crystallization increases with stack operation time. The crystalline 
phases that are visible after shorter operation times appear to increase for longer time at the 
expense of the remaining non-crystallized glass phase. 
 
 
Figure 4.22: Schematic of the indentation procedure used for materials from stacks. 
 
 
 
Material Median - radial 
KIC / MPa∙m0.5 
Palmqvist 
KIC / MPa∙m0.5 
Sintered bars 
KIC / MPa∙m0.5 
Aged bars 
KIC / MPa∙m0.5 
H-P 0.6 ± 0.1 1 ± 0.2 0.9 ± 0.2  [67] 1.5 ± 0.2  [58]  
B 0.5 ± 0.1 0.9 ± 0.2 0.7 ± 0.1  [67] 0.7 ± 0.1  [58] 
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Table 4.7: Fracture toughness values for sealant H-P after stack operation (applied indentation 
loads from 2N to 5N). 
Material H-P Fracture toughness /MPa∙m0.5 
 
 
Stack 
stack operated at 
700 °C /1500 h 
1.5  ± 0.1 
stack operated at 
800 °C/ 1000 h 
2.0  ± 0.1 
stack operated at 
800 °C/ 19000 h 
1.6  ± 0.1 
 
4.7 Geometry effect 
Indentation tests were carried out at different distances with respect to the interface to assess the 
effect of the steel substrate on the measured fracture toughness values of material H-P. Fig. 4.23 
shows a schematic sketch of the indentation procedure.  
  
Figure 4.23: Schematic of the indentation procedure used for as-joined material. 
 
Fig. 4.24 gives the apparent hardness and Young´s modulus as a function of the distance to the 
interface for as joined material H-P and stack operated sealant H-P (800 °C for 1000 h), 
respectively. The apparent Young´s modulus decreases, whereas the apparent hardness increases 
as the distance to interface is increased (see Fig. 4.24). The values obtained from indentions in 
the middle of the layers appear to be most representative for the sealant material. Note that, while 
the effect of the surrounding material on Young´s modulus and hardness can be minimized by 
decreasing the load, this cannot be done for the fracture toughness since a minimum load of ~ 
300 mN was necessary to initiate cracking. From the fracture toughness test of as-joined 
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specimens, a mathematical relationship (
𝐾𝐼𝐶𝑎
𝐿𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝐾𝐼𝐶𝑎
𝐿𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
′ = 𝐾𝐼𝐶𝑏𝐿𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝐾𝐼𝐶𝑏
𝐿𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
′ ) could be estimated to 
describe the behavior of this property close to the middle of the glass layer (𝐾𝐼𝐶𝑎1  : ~ 1.1 MPa 
m0.5 Fig. 4.24 above) from the values near the interface with the steel (𝐾𝐼𝐶𝑎0  : ~ 1.8 MPa m
0.5 Fig. 
4.24 above). This relationship was then used to extrapolate the value for the sealant material 
from the stack on the basis of data obtained for this material close to the interface with the steel 
(𝐾𝐼𝐶𝑏0  : ~ 1.9 MPa m
0.5, see Fig. 4.24 below), yielding a value of  𝐾𝐼𝐶𝑏1  ~ 1.2 MPa m
0.5, which is 
in much better agreement with the values obtained for bar type specimens (Tab. 4.6). 
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Figure 4.24: Apparent hardness, Young´s modulus, and fracture toughness at different distance 
to the steel of as-joined sealant H-P (upper plot) and H-P material from a SOFC stack (operated 
at 800 °C for 1000 h) (lower plot). 
 
Fig. 4.24 illustrates for the sealant operated for 1000 h at 800 °C how hardness, Young´s 
modulus, and fracture toughness are influenced by the distance of the impression from the 
interface. However, contrary to the symmetric as-joined H-P specimen, a strong decrease of 
hardness and Young´s modulus is observed as the impressions get closer to the soft, compliant 
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embedding material, which also appears to affect the apparent fracture toughness for this 
unsymmetrical specimen. Overall, the difference for plots of a joined specimen and stack 
operated H-P material can be explained by geometry effects, i.e. the stack was dissected and 
hence the sealant was broken in the middle of the layer. 
4.8 Crack deflection  
It has already been illustrated in section 4.6, that close to the interfaces the indentation induced 
crack changes in length and the crack shape becomes curved. Investigations have hence been 
carried out on the basic behavior of cracks near interfaces and compared with the ones near free 
edges (embedding material is assumed to behave like a free edge). Similar tests have been 
reported by Tandon [74] for glass-metal joints used in electronic industry. 
 
 
Figure 4.25: Change of crack length and angle with distance (61µm, 35µm, 24µm, 18µm) to the 
steel interface for as joined material B with applied indentation load of 3 N. 
 
The tests have been carried out for materials B and H-P (as-joined and sintered, respectively). In 
addition to the effect of the interface with the steel, the lengths of indentation cracks close to 
embedded free edge of B and H-P specimens were characterized using separate indentation tests. 
For clarification the crack length and crack angle with respect to the interfacial direction 
(deflection toward the interface is defined as positive) are plotted as a function of the normalized 
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distance (distance divided by crack length). Figure 4.25 shows how both parameters change as 
the interface is approached. 
For material B crack angle and length as a function of the ratio h/c (crack length c and the 
distance h from edge/interface to the indentation impression) are shown in Fig. 4.26. For material 
H-P, the crack length reaches a maximum when the ratio h/c is around 0.4 ~ 0.5, similar as for 
material B (see Fig. 4.27); again the effect is more pronounced for the embedded free edge. In 
the crack deflection angles plot for material B (Fig. 4.26 above) parallel cracks for embedded 
free edges are observed if h/c > 0.7 and large crack deflection angles arise if the ratio of h/c is 
around 0.5 similar as for material B (glass-metal). However, the cracks deflect for indentations 
close to the interface H-P sealant – steel to the opposite direction compared with the free edge if 
the ratio h/c is between 0.5 ~ 1. 
For both materials B and H-P, the data can be described by relationship of maximum tangential 
stress (MTS theory) derived by Tandon [74] (Fig. 4.26 above and 4.27 above), who also studied 
the crack growth angles for brittle materials close to interfaces in which stress singularities in the 
linear elastic deformation range dominate the failure behavior [112]. However, the indentations 
close to the H-P sealant – metal interface (Fig .4.27 above) revealed negative angles compared 
with the interface material B – metal (Fig. 4.28), an effect not observed in Tandon’s work.  
The crack length increases to a maximum when the ratio h/c is around 0.4 ~ 0.5. This effect is 
even stronger for free edges. Parallel cracks can be observed when h/c > 0.8 and the crack 
deflects strongly if h/c is smaller than 0.5 (see Fig. 4.25), similar as observed for free edges. The 
Dundur´s parameter (𝛼) [113] (eq. 2.10) has been introduced here to assess the elastic mismatch 
of sealant and steel [74]. Considering our material (𝛼 = −0.6), theoretical lines after Tandon 
(free edge and 𝛼 = −0.6) have been plotted for reference for both H-P and B materials (Fig. 4.26 
below and 4.27 below). A large scatter has been found for both materials for the free edge 
structures when the ratio h/c is around 0.3. However, the experimental data of both materials 
agree with the theoretically predicted line ( 𝛼 = −0.6 ) within the limits of experimental 
uncertainty. 
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Figure 4.26:  Crack deflection angles in material B (above) and crack lengths (below) as a 
function of the ratio h/c. 
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Figure 4.27: Crack deflection angles in material H-P (above) and crack lengths (below) as a 
function of the ratio h/c. 
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The microscopic images of the indentation crack morphology close to the interface for the same 
applied load (3 N) are shown for both materials in Fig. 4.28. The direction of the crack deflection 
for material B displays the expected features. The direction of the crack deflection for material 
H-P is, as discussed above, unexpected since both sealant materials have similar Young´s moduli 
(H-P: 73 ± 8 GPa, B: 77 ± 3 GPa) and hardness (H-P: 5.5 ± 1 GPa, B:7 ± 0.5 GPa) [58]. This 
effect is most likely a result of the different thermal expansion coefficients of the two sealant 
materials (H-P: 9.5 × 10-6 K-1, B: 12 × 10-6 K-1 see section 4.3) resulting in a compressive stress 
state for material H-P. The crack deflection away from the interface in the case of material H-P 
implies that here the interface is more stable, compared to the bulk of the material. 
 
 
Figure 4.28: Crack deflection near the interface to the steel (applied load 3 N) of (a) H-P and (b) 
B sealant. 
 
4.9 Fracture strength 
4.9.1 Sintered bars 
Fracture stresses were determined on the basis of four-point-bending test data at room 
temperature and 800 °C to assess the strength for sintered H-P and B bars. The tests revealed that 
the average fracture stress σf decreases for H-P from 28 ± 3 MPa at RT to 1 MPa at 800 °C. A 
similar decrease has been reported in literature [66] (~ 42 MPa at RT, ~ 19 MPa at 800 °C) for a 
BaO-B2O3-Al2O3-SiO2 glass ceramic.  
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However, for the fully crystallized sintered type B bar specimens no strength decrease at 800 °C 
could be observed (see Tab. 4.8). Based on the room temperature fracture toughness values (Tab. 
4.6) for sintered H-P (~ 1 MPa·m0.5) and B (0.7 MPa·m0.5) bars, it is possible to estimate the 
critical flaw size that led to failure (for surface flaws: KIC ~ 2 σf  √𝑐 see eq. 2.13) yielding for 
sintered H-P bars a critical flaw size of ~ 100 µm and for the almost fully crystallized sintered B 
bars a value of 10 ~ 70 µm. Since it is reasonable to assume that the size of the critical defects 
will not change at elevated temperatures, the lower fracture stress for sealant H-P at elevated 
temperatures corresponds to a lower fracture toughness (fracture energy). 
 
Table 4.8: Fracture strength of H-P and B bars at room and elevated temperature. 
Sintered bars Fracture strength / MPa 
RT 800 °C 
H-P 28 ± 3 ~ 1 
B 91 ± 12 ~ 90 
 
Typical fracture surfaces for material H-P and B are shown in Fig. 4.29. Dispersed pores can be 
observed with a size of 20 ~ 80 µm for H-P bar (Fig. 4.29 above). The fracture origin of H-P 
material associated with a surface pore can be seen as a crack from the surface going into the 
material, a similar feature was also found on the surface of the specimen that was exposed to 
compressive loads. For material B, there is no pore observed from the fracture surface (Fig. 4.29 
below). 
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Figure 4.29: Fracture surface after bending test of H-P bar (above) fracture surface after 
bending test of B bar (below). 
4.9.2 Head-to-head joined sealant 
4.9.2.1 Room temperature 
Contrary to bar type specimens, no RT data were available in literature for the joined geometry. 
The newly developed joining (see section 3.1.3) permitted to measure the fracture stress for the 
H-P and B type sealant in the present work in a more stack typical layer geometry than in the 
previous tests for sintered bars. The average fracture stresses were first obtained separately for 
H-P specimens with polished and unpolished surfaces on the basis of four-point bending tests 
(Tab. 4.9, Fig.3.5 right). The results of these tests showed that the fracture stress increased by ~ 
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20 % if the tensile loaded specimen surface is polished before the test. A strength reduction for 
the unpolished H-P sealant due to a different population of surface defects can be ruled out since 
fractographic investigations (Fig. 4.33) suggested that the failure is mainly related to native pores 
in the material. So the main reason might the stress enhancement due to a stress concentration at 
the joining angle related (Fig. 4.30 [106]) to the wetting limitation during the sealing process 
[114].  
 
 
Figure 4.30: Top view of the area of the sealing joint [106]. 
 
Table 4.9: Fracture stress of head-to-head joined H-P material. 
Material/Temperature Room temperature Sealant thickness Number of tests 
H-P unpolished 43 ± 1 MPa 60 ± 20  µm 4 
 polished 52 ± 1 MPa 60 ± 15 µm 5 
 
The multiple printing along with an adjustment of the joining jig yielded for a deposition on one 
steel specimen an average thickness of around 150 µm (maximum for one layer) and around 300 
µm for the deoposition on both substrates (see Fig. 3.5). The corresponding fracture stresses have 
been obtained for H-P and B type specimens, where the tensile surface was always polished for 
the batches with different thickness (see Tab. 4.10).  
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Table 4.10: Comparison of the average fracture stresses of material H-P and B for sandwich 
specimens with different thicknesses 
 
The average fracture stress of the single side deposted H-P is higher than for the double side 
deposited H-P, but still lower than for the inital specimens with 60 µm thickness (52 ± 1 MPa), 
hence the head-to-head joined H-P specimens clearly reveal an influence of the thickness (see 
also detailed representation in Fig. 4.31). The average fracure stress value for thickeness values 
above 300 µm (~ 22 MPa) is in good agreement with data obtained for the sintered H-P bars (28 
± 3 MPa). This implies that the compressive residual stress generated during cooling to RT 
enhances the fracture stress leading to the thickness effect for head-to-head joined H-P. The 
thinner the sealant layer, the higher residual stress and hence also the fracture stress. Contrary to 
this, the fracture stresses of material B did not show a dependency on specimens’ thickness 
within the limite of experimental uncertainty. Hence, for material B, fracture stress and strength 
are less sensitive to thickness variations due to the almost residual stress free state of the material. 
Weibull statisitcs were applied to analyze the fracure stresses. The two parameter Weibull 
distribusion of fracture stresses of material H-P and B are shown in Fig. 4.32. The characteristic 
strengths are given in Tab. 4.10. The Weibull modulus reflecting the scatter of the results is low 
for both single and double side deposited H-P materials with values of 6 ± 1 and 9 ± 1, 
respectively. The value is strongly imfluenced by the high porosity of the materials (Fig. 4.33). A 
larger Weibull modulus of double side deposited B material corresponds to less scatter of the 
fracture stresses, estimated by a smaller flaw size distrubution range [50].  
 
Material Fracture stress Characteristic strength 
Weibull 
modulus 
Sealant 
thickness Number of tests 
H-P double 22 ± 2 MPa 23 MPa 9 ± 1 350 ± 60µm 5 
single 34 ± 6 MPa 36 MPa 6 ± 1 153 ± 45µm 5 
B double 25 ± 2 MPa 26 MPa 15 ± 1 319 ± 60µm 5 
single 25 ± 5 MPa 27 MPa 5 ± 1 173 ± 54µm 4 
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Figure 4.31: Fracture stresses as a function of thickness for materials (a) H-P and (b) B. 
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Figure 4.32: Weibull representation of the fracture stresses for materials (a) H-P and (b) B. 
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Fractographic investigations were carried out to determine the failure mode and origin. The 
fracture surface and fracture origin of both, material H-P and B have been assessed by stereo and 
confocal microscopy (see Fig. 4.33). For all head-to-head joined specimens failure occurred 
through the sealant material, no indication of interfacial failure could be observed. The fracture 
origin of head-to-head joined H-P specimens appears to be related to open pores in the tensile 
surface, which is in good agreement with the fracture origin observed for sintered H-P bars (Fig. 
4.29). Compared to the head-to-head joined material H-P specimens, head-to-head joined B 
sealant has a much finer structure (see Fig. 4.33). However, in the example a big pore is visible 
near the tensile surface and even a bigger one close to the compressive surface. Considering our 
material, failure origins appear to be related to volume defects (pores, agglomerates) with sizes 
of about 10 µm ~ 100 µm. 
       
          
Figure 4.33: Fracture surfaces after bending test of head-to-head joined H-P (a) and B 
specimens (b). 
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Head-to-head joined H-P specimens (Tab. 4.11) have been annealed for 500 h at 800 °C and 850 
°C, respectively, to study the effect of the crystallization, considering a typical stack operation 
temperature and the effect of additional annealing at the typical sealing temperature, 
respectively. The fracture stresses have been determined for the non-annealed and annealed 
head-to-head joined H-P specimens from the same batch to avoid that the results are biased by 
the individual specimens’ thickness. Material B was not tested since it was verified previously 
[58] that the mechanical properties of this material are not influenced by annealing effects, since 
the material is almost fully crystallized and the crystallization state is stable. The table below 
gives the fracture stresses, characteristic strengths and Weibull moduli obtained for material H-P.  
 
Table 4.11: Comparison of fracture strength of H-P with different states 
Material Fracture stress 
Characteristic 
strength 
Weibull 
modulus 
Sealant 
thickness Number of tests 
H-P 
as sintered 36 ± 1 37 10 ± 3 71 ± 8 3 
annealed at 
800 °C/500 h 47 ± 3 49 22 ± 4 104 ± 3 4 
annealed at 
850 °C/500 h 47 ± 4 48 15 ± 5 95 ± 6 4 
 
The annealed material has a higher fracture stress compared to the as sintered state. A larger 
degree of crystallization is obtained after annealing time (Fig. 4.34a, 4.34b compared with Fig. 
4.1a). Especially specimens after 500 h at 850° C contained more white needle like crystallized 
structures (~ 30 % volume fraction). Specimens annealed at 800 °C for 500 h and annealed at 
850 °C for 500 h have a good agreement with respect to their mechanical properties (similar 
Young´s modulus to as sintered samples, higher fracture stresses). It has hence been proven here 
that at room temperature (probably at all temperatures below glass transion temperature), the 
crystalline phase content increases the characteristic strength of annealed H-P compared with the 
as sintered state . 
The Weibull modulus is in the same range as for the non-annealed material. At similar (see Fig. 
4.14) Young´s modulus of as sintered and annealed H-P sealant in the range from RT to 800 °C, 
the different fracture behavior of annealed H-P sealant is mainly caused by the crystallization 
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during the high temperature annealing. It has also been confirmed that defects in the surface of a 
glass layer can be modified or healed during high temperature heat treatment [115]. 
Considering the high porosity of the H-P material, again open pores in the tensile loaded surface 
have probably led to the failure. All sintered and annealed H-P specimens revealed a similar 
fracture path in the middle of the glass ceramic layers (Fig. 4.33, 4.34c). 
 
 
 
Figure 4.34: SEM images of sealant H-P annealed 500 h at (a) 800 °C and (b) 850 °C, 
respectively and SEM images of head-to-head joined H-P specimens (annealed at 800 °C for 500 
h) (c) fracture surface after bending test and (d) fracture surface tensile side. 
 
4.9.2.2 Volume effect on fracture strength 
Utilizing the previously presented Weibull evaluation, the volume effect on the fracture strengths 
was calculated (Fig. 4.35, 4.36, 4.37), in order to permit an estimate of the properties to real 
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component sizes (see section 2.4.4 - eq. 2.16). The representations are based on the data of both 
head-to-head joined H-P and B specimens from four-point bending tests (see Tab. 4.10, 4.11) as 
well as sintered bar H-P and B for reference.  
The expected decrease in strength with increasing volume is illustrated in the plots. The bar 
shape specimen yields higher strength values than expected on the basis of the results of the 
head-to-head joined specimens (Fig. 4.35, 4.36), especially for Material B. For H-P material, the 
reasons are the differences in pore sizes and overall porosity of the bar material compared to the 
head-to-head joined material associated with the differences in manufacturing (Fig. 4.1a, 4.2a). 
The higher porosity of the head-to-head joined structure is a result of differences in preparation 
procedure, i.e. the evaporation of binder from the glass paste during sintering (see Fig. 3.2), as is 
verified in the associated images (Fig. 4.1a, 4.2a). The thinner sealant in the H-P single layer 
specimen leads to a higher fracture strength than for the thicker double layer specimens, however 
the effects will diminish for larger deformed volumes due to the differences in Weibull modulus 
(Fig. 4.35). For B material, the reason for the higher strength value for the bar shape specimens 
is similar as for the H-P material and associated again with the joining process. Large pores can 
only be observed in the fracture surface of the head-joined B type specimens (Fig. 4.33b), not for 
B type bars (Fig. 4.29 below).  
The annealed H-P material has a higher fracture strength than that observed for the non-annealed 
state due to the stronger crystallization (Fig. 4.37), in fact the figure suggests that the difference 
becomes even larger for larger volumes as a result of the higher Weibull modulus of the annealed 
material.  
The data consider the characteristic fracture strengths; hence data are given for a rather high 
failure probability of ~ 63 %. Considering the real application a lower failure probability needs 
to be warranted, i.e. 1/1000 or 10-6, which will lead to significantly lower tolerable stresses. 
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Figure 4.35: Volume effect on fracture strengths for head-to-head joined H-P single and double 
layer material. The experimental strength values are marked by red color. 
 
 
Figure 4.36: Volume effect on fracture strengths for head-to-head joined B single and double. 
The experimental strength values are marked by red color. 
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Figure 4.37: Volume effect on fracture strengths for head-to-head joined H-P sintered and 
annealed (annealed at 800°C for 500h). The experimental strength values are marked by red 
color. 
 
4.9.2.3 Elevated temperature 
The force-displacement curves obtained in four-point bending test at different temperatures for 
the head-to-head joined as sintered H-P and B specimens are shown in Fig. 4.38 (loading rate 0.6 
MPa/s). The curves for material H-P are linear below 700 °C due to the brittle fracture behavior 
below Tg (~ 650 °C see section 4.3). A similar result at RT is found for material B. At a testing 
temperature 700 °C the curve shows no-linear deformation up to fracture. The non-linearity at 
700 °C suggests an influence of viscosity effects [115], which is in agreement with the observed 
decrease  in elastic modulus (Fig. 4.13).  
The tests for material H-P at even higher temperature turned out to be only of limited success 
since all specimens failed below 800 °C under the experimentally necessary preload (~ 2 N) 
already during heating. A similar test for sealant B revealed a small non-elastic deformation of 6 
µm/h at 800 °C, (same loading rate as H-P of 0.6 MPa/s) for a maximum load of 60 N. The non-
linear stress - strain of B material at 800 °C can be considered to be related to the influence of 
viscoelastic/plastic flow of the glassy phase at temperature above Tg [50]. This also verifies that 
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even the almost fully crystallized material B still exhibits viscous creep at high temperature due 
to the small amount of residual glass phase and its influence on the mechanical properties. 
 
 
 
Figure 4.38: Force-displacement curves for head-to-head joined H-P (above) and B (below) 
bending specimens. 
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The average fracture stresses have been determined (Tab. 4.12) and compared with room 
temperature values. The sintered H-P specimens revealed similar fracture stresses below 700 °C 
(~ 30 MPa), and a strong decrease around 800 °C (to ~ 1 MPa). As stated above, similar effects 
have been reported in literature for a BaO-B2O3-Al2O3-SiO2 sealant  (GC-9 ~ 17 MPa at 700 °C 
and ~ 5 MPa at 800 °C [51]). For both annealed H-P states the values at elevated temperatures (~  
40 MPa) are similar as obtained at room temperature, which is in good agreement with a similar 
test at 800 °C for aged glass GC-9 (750 °C for 100 h annealing), where a fracture stress of ~  34 
MPa has been reported [66]. It has been verified that the annealed H-P material (with larger 
degree of crystallization ~30% compared with sintered H-P ~10%) have a higher fracture stress 
(~40MPa) at high temperature due to the existence of crystalline phase in the matrix [77]. The 
residual glass in the annealed H-P material permits a larger stress relaxation at operational 
temperatures than for the sintered H-P [50], an effect which helps to reduce the stress induced by 
CTE mismatches with adjacent layers in the stack. 
The almost crystallized head-to-head joined sealant B specimens showed a similar fracture stress 
at 800 °C as at room temperature. The fracture stresses of annealed H-P and sintered B 
specimens verify that the crystallization enhances the mechanical properties at elevated 
temperatures. 
 
Table 4.12: Comparison of fracture stress in MPa for different temperatures 
Material / Temperature RT 400 °C 700 °C 800 °C 
H-P 
double 
as sintered 22 ± 2 (5 tests) 
30 ± 5 
(3 tests) 
Similar RT/400 °C 
(2 tests) 
~ 1 
(1 tests) 
annealed at 800 °C/500 h 47 ± 3 (4 tests) × × 
~ 41 
(2 tests) 
annealed at 850 °C/500 h 47 ± 4 (4 tests) × × 
~ 35 
(2 tests) 
B double 25 ± 2 (5 tests) × × 
30 ± 1 
(3 tests) 
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4.10 Lifetime analysis 
4.10.1 Subcritical crack growth behavior 
The subcritical crack growth sensitivity of materials H-P and B in air has been analyzed in the 
head-to-head joined geometry based on the fracture stress values measured at the loading rates 
0.006 MPa/s, 0.06 MPa/s and 0.6 MPa/s (see section 2.4.6.1). A comparison of the behavior of 
the materials is given in Fig. 4.39. The data were mathematically described using eq. 2.32. The 
derived SCG parameters for sealant B are n ~ (15 ± 7) and D ~ (20 ± 1). For H-P specimens the 
values were n ~ (25 ± 2) and D ~ (25 ± 0.6). 
According to the experimental results and the subsequent calculation of SCG parameters, both 
materials are sensitive to subcritical crack growth, where material B (n ~ 15) appears to be more 
affected by crack growth at subcritical stress levels than material H-P (n ~ 25). Considering the 
microstructures of sealants H-P (high porosity) and B (low porosity) illustrated in Fig. 4.1, it 
might be suggested that both of them are sensitive to the subcritical crack growth, however, 
material H-P has a higher porosity which might be the reason for the lower SCG sensitivity 
(similar results from Pecanac [116]). The n parameter compares well with literature data reported 
for glass materials (15 ~ 30) [117]. 
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Figure 4.39: Characteristic strength as a function of loading rate for materials H-P and B. 
 
The SCG of material B was also assessed on the basis of a 10 N load indentation test that was 
reanalyzed (re-measuring of the crack length) after ~ 1 year under normal laboratory condition 
(in air) (Fig. 4.40). The SCG given in Table 4.13 compares with the previous short term tests 
(sintered B material bar with indents annealed for 120 h at 40°C in humidity) in Tab. 2.7. The 
long term SCG of B (9 ± 3 %) due to the indentation related stress field is similar with these 
short term tests [67] (12 ± 8 % obtained for 5 days under 40 % humidity), verifying that the 
effect of the higher humidity at 40 °C is equivalent to a long term exposure under laboratory 
conditions. 
 
Table 4.13: Amount of SCG for material B. 
Material SCG (%) 
B (10,000 h in ambient air) 9 ± 3    (12 ± 8 [67]) 
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Figure 4.40: (a) Images of the impression after indentation test (10N) and (b) after 10,000 h 
under laboratory condition (in air) at RT. 
 
4.10.2 Strength-probability-time behavior 
The relationship between strength, failure probability and time was used for lifetime prediction 
of B and H-P materials (see section 2.4.5.4). Based on an SPT diagram, the design stress for an 
acceptable failure probability at a given lifetime can be estimated.  
For material B at room temperature (Fig. 4.41a), the stresses should be not higher than ~ 7 MPa 
for a 1 % failure probability and one month lifetime. Material B (~ 5 MPa) showed lower 
allowable stresses for a 1 % failure probability and one year lifetime than material H-P (~ 8 
MPa). 
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Figure 4.41: Strength-probability-time plot for materials (a) B and (b) H-P. 
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4.11 Viscous properties 
4.11.1 Viscous rupture 
In an attempt to predict the long-term reliability of the material, the time to failure at elevated 
temperatures has been determined on the basis of four-point bending tests at 700 °C for head-to-
head joined H-P specimens in air under constant load of 1, 2 and 3 MPa, respectively. Material B 
was not analyzed since the low deformation at operation relevant elevated temperatures reported 
above would not permit to reach significant strains below the fracture stress in an experimentally 
realistic time. The resulting viscous rupture time versus the nominal applied stress is presented in 
Fig. 4.42. The data imply that the time to failure for H-P (test at 700°C) is approximately inverse 
proportional to the squared applied nominal stress. Unless a threshold may exist, even low tensile 
stresses will lead to failure. For comparison an annealed specimen (at 800 °C for 500 h) has been 
tested at 900 °C under a load of 3MPa and failed after a total of 60 h, whereas the as received 
material failed already below 800 °C for the preload of ~ 2N. This verifies that the annealed 
material is considerably less prone to rupture at elevated temperatures. Considering SOFC stack 
operation, the glass-ceramic H-P sealant after long term operation at elevated temperature 
changes is microstructure to a state similar to that of annealed glass-ceramic H-P sealant; hence 
the resistance against creep rupture increases with the operation time.  
In order to get insight into the microstructural failure mechanisms, the ruptured specimens were 
analyzed using stereo-microscopy and SEM (Fig. 4.43). The images imply that failure is 
associated with the opening of smaller pores in the glassy matrix which increase in size with time. 
It appears that these openings in the matrix initiate at the edges of big pores inside the glassy 
layer. Then they grow in direction of the stress field and eventually join with others until 
macroscopic rupture. Hence, the viscous flow of the glassy phase has the potential to lead to the 
observed failure above the glass transition temperature (~ 650 °C for the as-joined state).  
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Figure 4.42: Rupture time as a function of nominal applied stress for non-annealed and 
annealed (at 800°C for 500h) H-P material. 
 
 
Figure 4.43: Stereomicroscopy (above) / SEM (below) images of head-to-head joined H-P 
specimens after rupture test (four-point bending, 8N at 700 °C). 
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4.11.2 Viscous deformation 
Compressive tests have been carried out following the scheme outlined in Table 3.7. Due to the 
higher degree of crystallization of the annealed material it appeared to be reasonable to describe 
the results obtained for compressive tests by standard creep equations. A typical creep curve 
(displacement as a function of time under applied constant stress of 15 MPa) is shown for an H-P 
bar annealed at 800°C for 500h. For the current material, the steady state is obtained after short 
initial primary creep state (Fig. 4.44). The experimental data for the steady-state regime have 
been fitted by a linear function (Fig. 4.50) in order to obtain the deflection rate as a basis for the 
identification of the creep parameters (n and Q). 
Following eq. 2.26, the activation energies for creep of sintered and annealed H-P bars are 
determined from the slope of the trend line of the natural logarithm of strain rate versus the 
reciprocal temperature (Fig. 4.45). The activation energy of the annealed bar is around 300 ~ 350 
KJ/mol and does not change with the applied stress. The stress exponent n has been determined 
from a plot of the natural logarithm of strain rate versus the nature logarithm of stress (Fig. 4.46). 
It can be observed that the stress exponent for the sintered bar increases with temperature 
whereas for the annealed H-P specimens n is almost constant. 
 
Figure 4.44:  Creep curve (displacement as a function of time) of annealed H-P bar (annealed at 
800 °C for 500 h). 
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Figure 4.45:  Equivalent strain rate as a function of 1000/T, showing the dependence of 
activation energy on applied stress for sintered H-P bars (upper graph) and annealed H-P bars 
(at 800 °C for 500 h) (lower graph).  
 
  Section 4- RESULTS AND DISCUSSION 
 
107 
 
 
 
 
Figure 4.46: Equivalent strain rate as a function of applied stress, showing the dependency of 
stress exponent on different temperature for sintered H-P bars (upper graph) and annealed H-P 
bars (at 800 °C for 500 h) (lower graph). 
 
Additional information on stress exponent and activation energy and their respective 
uncertainties was also obtained from elevated temperature tests at H-P bars and B bars (Tab. 4.14) 
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under compressive loads. It is observed that, within the uncertainty, the stress exponent for the 
annealed H-P specimens and B specimens within the uncertainty is about 1 independent of the 
temperature, which indicates Newtonian viscous flow [89]. The stress exponents of sintered H-P 
bars increased from 0.2 (± 0.03) to 1.8 (± 0.2), which is considered to be a result of a mechanism 
change from diffusional to viscous creep. 
The activation energies for as sintered bars H-P obtained for lower stresses (1 MPa, 2 MPa, 3 
MPa) yielded higher activation energy values (above 400 KJ/mol) than for annealed bars H-P 
and sintered bars B. The higher activation energy indicates a thermally activated crystallization 
kinetics for the sintered bars [54]. This is similar to values reported [96] for magnesia-silica (450 
KJ/mol) and alkali-silica glass (550 KJ/mol). Furthermore, also the Ba-B-Si-Al-O glass system 
revealed similar activation energies (442 - 445 KJ·mol-1) and stress exponents (~ 1) for similar 
temperatures [95].  
 
Table 4.14: Stress exponents and activation energies for material H-P and B. 
 sintered bar H-P  
n600°C n650°C n700°C Ea1MPa 
KJ/mol 
Ea2MPa 
KJ/mol 
Ea3MPa 
KJ/mol 
0.2 ± 0.03 1.1 ± 0.02 1.8 ± 0.2 -455 ± 6 -480 ± 9 -537 ± 10 
annealed bar H-P (800°C /500 h) 
n700°C n750°C n800°C n850°C Ea15MPa 
KJ/mol 
Ea30MPa 
KJ/mol 
Ea45MPa 
KJ/mol 
1.4 ± 0.2 1.2 ± 0.4 1.4 ± 0.1 1.7 ± 0.6 -331 ± 1 -315 ± 4 -354 ± 8 
sintered bar B 
n800°C n850°C n900°C Ea15MPa 
KJ/mol 
Ea30MPa 
KJ/mol 
Ea45MPa 
KJ/mol 
0.6 ± 0.4 1.7 ± 0.5 0.9 ± 0.3 -258 ± 2 -208 ± 14 -291 ± 10 
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Figure 4.47: SEM image obtained from the side of a sample after a compressive test (sintered 
bar H-P) (tested at 700°C with applied stress 3MPa). 
 
The microstructures of sintered and annealed H-P specimens after creep testing (Fig. 4.47, 4.34a) 
revealed no significant changes. The stronger crystallization of the annealed H-P material 
(850 °C for 500 h) can considered to be the origin of the different activation energies at higher 
temperatures. 
The creep strain rates of annealed H-P and B bar specimens have been plotted as a function of 
the applied stress for different temperatures in Fig. 4.48 and are compared in this plot with the 
data of the typical interconnect material Crofer 22APU [118] and anode substrate [3]. As can be 
seen in Fig. 4.48, the deformation of Crofer 22APU is higher than that for sealant B and the 
annealed H-P sealant and anode substrate for a particular stress. This means that the interconnect 
does not limit the deformation of the adjacent structure above this particular stress. Considering 
the similar deformation of anode substrate and annealed H-P and B sealant at the same 
temperature, it can be stated that both of them control the creep deformation behavior of the 
stack structure above this particular stress. Notice that the deformations of both annealed H-P 
and B material increase with increased test temperature. A similar effect was found for the anode 
substrate. 
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Figure 4.48: Norton plots for Crofer22APU [118], anode substrate [3] and sealant H-P and B at 
different temperatures. 
 
 
Figure 4.49: Stress distribution of bending test sample. 
 
To estimate the lower stress limit which may occur in bending creep test of the fully plastified 
case has been evaluated. The resulting stress distribution is shown in Fig. 4.49. The bending 
moment MB introduced by these stresses on an infinitely small area element 𝑑𝐴 is: 
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𝑑𝑀𝐵 = 𝜎 ∙ 𝑧 ∙ 𝑑𝐴 = 𝜎 ∙ 𝑧 ∙ 𝑏 ∙ 𝑑𝑧                                                                                4.1 
𝑏 is the thickness of specimen. Integration over the cross section area yields: 
𝑀𝐵 = 2∫ 𝜎 ∙ 𝑏ℎ/20 ∙ 𝑧 𝑑𝑧 = 𝜎 ∙ 𝑏 ∙ ℎ22                                                                                                          4.2 
It follows that in the fully plastic case the bending stress is given by: 
𝜎𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 2 𝑀𝐵𝑏∙ℎ2                                                                                                              4.3 
whereas the elastic bending stress at the tensile surface, which is the upper limit of bending stress 
at a given moment is [119]: 
𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =  6𝑀𝐵𝑏∙ℎ2                                                                                                4.4 
Hence, according to eq. 4.3 and eq. 4.4 the ratio of elastic and plastic bending stress is equal to 3. 
In the elasto-plastic case the stress is between this lower limit and the elastic bending stress. The 
bending moment MB can be derived from eq. 2.14: 
𝑀𝐵 =  𝐹∙𝐷2                                                                                                          4.5                         
Considering the bending creep test for the head-to-head joined material, the observed influence 
of the adjacent steel on the deformation can be explained by eq. 4.3- eq. 4.4. The applied load for 
head-to-head joined annealed H-P material was up to about 6 N (corresponding to stress values 
between ~ 1 MPa and ~ 3 MPa according to elasto-plastic and elastic limit, eq. 4.3 and eq. 4.4). 
The test load for head-to-head joined B material was up to about 60 N (corresponding to stress 
values between ~ 6.7 MPa and ~ 20 MPa according to eq. 4.3 and eq. 4.4). Fig. 4.48 compares 
the creep rates of sealants and steel. It can be seen that in the case of sealant B, if the stress is 
higher than ~ 10 MPa, the steel deforms more than the glass ceramic. In fact, considering the 
elasto-plastic and elastic limits the applied stress was well within this range. The situation is 
different for the annealed H-P material. Here the maximum stress was 3 MPa, and as can be seen 
for this stress, below this value the glass ceramic will deform significantly faster than the steel, 
hence in tests with sealant H-P in its annealed state, the deformation of the steel was considered 
to be negligible.  
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The data from bending tests have been recalculated and analyzed in terms of viscosities (Table 
4.15). For the sintered H-P bar, bending test has been carried out under constant load of 2 N at 
800°C. The resulting viscosity as obtained using eq. 2.30 is ~ 3 × 109 dPa s. For the annealed 
head-to-head joined H-P and non-annealed head-to-head joined B material, bending tests have 
been carried out under constant load 6 N and 60 N, respectively, at 800 °C. Figure 4.50 shows 
the displacement of an annealed head-to-head joined H-P sample (annealed at 800 °C for 500h) 
as a function of time at 800 °C during a bending test with an applied load of 6N. The specimen 
was deformed more slowly compared with as sintered H-P material due to the higher Tg of 
crystalline phase most likely impeding flow of the glassy phase [120]. The average viscosity at 
800 °C could be determined from the data represented in Fig. 4.50 using eq. 2.30, yielding a 
value of ~ 500 × 1012 dPa s (Table 4.15).  
 
         
Figure 4.50: Displacement at 800 °C as a function of time for an annealed head-to-head joined 
H-P specimen (annealed at 800°C for 500h) (applied load 6N). 
 
The viscosity data for the annealed head-to-head joined material H-P have been determined as a 
function of temperature (under constant load 6N) (Fig. 4.51). The trend line is a representation of 
an exponential function that is fitted to the data. Similar properties have been obtained for both 
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annealing states (annealed at 800 °C for 500 h, the other annealed at 850 °C for 500 h). Both of 
them show the viscosity decreases with increasing temperature. 
 
Figure 4.51: Viscosity as a function of temperature of annealed head-to-head joined H-P 
(annealed at 800 °C for 500 h, annealed at 850 °C for 500 h). 
 
A comparison of the equivalent viscosities for all H-P and B specimens at 800 °C is given in Tab. 
4.15. Sintered material H-P in bar shape yields lower viscosities around ~ 3 × 10
9
dPa s. 
Annealed H-P material and sintered B material have higher viscosities around ~ (5 ~ 50) × 1014 
dPa s that might be related to the progressing annealing related crystallization of annealed H-P 
(Fig. 4.1b) and agree with the almost fully crystallized material B in its initial state (Fig. 4.1c). 
The obtained viscosity value for the head-to-head joined material B (~ 1015 dPa s) was influenced 
by the deformation of the adjacent steel material during the test. But in fact, considering the 
expected and also experimentally confirmed deformation of the steel it is surprising that the 
viscosity of material B obtained from the bending test (~ 10
15
dPa s) agrees well with the data 
derived from the compressive test (~ 5 × 10
15
dPa s). For H-P material, the viscosity values of 
annealed material H-P in bar shape (~ 2 × 10
14
dPa s) and in head-to-head joined shape (~ 5 × 
10
14
dPa s) agree with each other. It can therefore be considered that neglecting the deformation 
of the steel has been justified. The viscosity of the glass material without crystallization is below 
~ 108 dPa s [77]. 
 
  Section 4- RESULTS AND DISCUSSION 
 
114 
 
The viscosities of all the H-P and B materials from bending tests and compressive creep tests are 
also compared in Table 4.15. Generally, the viscosities decrease with increasing temperature. 
Creep is significant around or above Tg which is verified for the annealed H-P material, which 
shows higher viscosities than the respective as-sintered material at the same temperature. Both 
tests show good agreement with each other and both bar and head-to-head joined specimens of 
the same material agree to each other A similar phenomenon has been reported for G18 sealant 
[120] for the temperature range 550 °C - 750 °C. Creep increases as the temperature increases, 
with larger deformation rate above Tg. Also the annealed sample deformed less than non-
annealed one due to the higher crystallization. For another glass system (Ba-B-Si-Al-O) has been 
reported a similar decrease of viscosities (from 4 × 1012 dPa s to 5 × 1011 dPa s) for the 
temperature range 600 °C - 630 °C. The viscosity of the initial glass H-P material has been 
reported by Cela [121] (from 109 dPa s to ~ 105 dPa s) for the joining relevant processing 
temperatures from 700 °C to 850 °C. The data verified that the initial glass before the joining 
process has a lower viscosity than the theoretically suggested maximum viscosity suitable for a 
joining process (~ 106 dPa s) [48]. As verified here the viscosities increase after the joining due 
to crystallization effects.  
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Table 4.15: Comparison of the viscosities of material H-P and B tested in different specimen 
forms 
Material 
H-P 
bar head-to-head joined 
sintered annealed (at 800°C) 
annealed 
(at 800°C) 
 900°C × × ~ 3×10
13 
(bending test) 
 
 
 
 
 
 
Viscosity 
 
/dPa s 
850°C × ~ 3 × 10
14 
(compressive test) 
~ 2×10
14 
(bending test) 
800°C ~ 3 × 10
9 
(bending test) 
~ 2 × 10
14 
(compressive test) 
~ 5×10
14 
(bending test) 
750°C × ~ 1 × 10
15 
(compressive test) 
× 
700°C 
~ 2 × 10
10 
(compressive test) 
~ 7 × 10
16 
(compressive test) 
× 
650°C ~ 1 × 10
12 
(compressive test) 
× × 
600°C ~ 2 × 10
13 
(compressive test) 
× × 
B 
 Sintered bar Head-to-head joined 
900°C ~ 1×10
15 
(compressive test) 
× 
 850°C ~ 3×10
15 
(compressive test) 
× 
 800°C ~ 5×10
15 
(compressive test) 
~ 1×10
15 
(bending test) 
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5 CONCLUSIONS 
Due to the high requirements on the reliability of solid oxide fuel cell stacks and hence also on 
the used glass-ceramic sealant, the mechanical properties need to receive considerable attention. 
In this comparative approach the basic mechanical properties of a partial and a fully crystallized 
material, H-P and B, respectively, were characterized. Hardness, elastic modulus, fracture 
toughness and strength obtained using different macro- and micromechanical tests are reported 
for the materials in different geometrical arrangements. Failure and deformation are assessed at 
room temperature and relevant stack operation temperature, yielding fracture stresses and 
viscosity values, respectively. 
For sintered H-P and B material in bar geometry, the temperature dependency of the Young´s 
modulus was determined by impulse excitation testing. Material B shows slightly decrease of 
Young´s modulus from RT to 800 °C (~ 82 GPa to 75 GPa). The results for the H-P as sintered, 
annealed at 800 °C for 500 h, and annealed at 850 °C for 500 h show a similar Young´s modulus 
decrease with increasing temperature. A sharp decrease around 650 °C reflects the Tg of sealant 
H-P. Young´s moduli for both sealants B and H-P as sintered bar materials have been compared 
with three different test methods (indentation test, impulse test and bend test). For material H-P, 
impulse excitation test showed good agreement with the bend test results, whereas the 
indentation test leads to 75 % higher values (73 ± 8 GPa) due to the localization of the test and 
the respective amount of dense crystallized phases with higher Young´s modulus in the globally 
porous material. This effect has not been observed for material B, where all three methods 
agreed within uncertainties. Compared with the indentation method, the values obtained by 
impulse excitation display the lowest sensitivity to local structural inhomogeneities. 
Furthermore, hardness, elastic modulus, and fracture toughness of H-P and B glass–ceramic 
sealant materials have been characterized as stack typical thin layers in an as-joined structure, 
which verified that the method is suitable and the obtained properties basically do not depend 
significantly on the geometric arrangement, i.e. compared with H-P and B in a bar shape. The as-
jointed material B has a ~ 10 % higher Young´s modulus (86 ± 3 GPa) than the sintered bars, 
which might be an indication of the stronger crystallization of the material in the thin layer 
geometry. However, the scatter in the Young´s modulus obtained for the as-joined sealant H-P 
(80 ± 15 GPa) might be a result of the apparent slightly larger porosity and bigger pores than 
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observed for sintered H-P bars. The scatter in the hardness values for the as-joined material H-P 
(7 ± 1 GPa) and B (6 ± 2 GPa) results from the strong effect of the local crystallized phases and 
pores, and does not permit a precise conclusion on the behavior of the sealant. The fracture 
toughness value determined for as-joined sealant H-P (1.0 ± 0.2 MPa∙m0.5) on the basis of the 
equation for Palmqvist type cracks revealed good agreement with the value for the sintered bars 
(0.9 ± 0.2 MPa∙m0.5). The fracture toughness values of material B calculated by both equations 
agree with in the limits of uncertainty with the value determined for the sintered bars (~ 0.7 ± 0.1 
MPa∙m0.5). The higher value obtained for the as-joined material H-P compared to material B 
might be related to the reinforcement effect of the YSZ particle.  
In addition, the effect of microstructural changes of H-P taking place during the stack operation 
times has been assessed. Small differences between the properties determined for sealant 
specimens from stack and sintered bars appeared to be mainly a result of morphological 
differences and not a result of the specimen geometry. The effects of annealing and stack 
operation are clearly visible in the form of changes in microstructure and mechanical properties, 
where, especially the stack operation at 800 °C, leads to progressive crystallization and increase 
of the elastic modulus, whereas the fracture toughness is not changed significantly. 
Note that the Young´s modulus of the specimens from the stack operated at 800 °C for 1000 h 
(70 ± 10 GPa) was similar as for the sintered H-P bars, indicating that the crystallization did not 
progress significantly. However, the fracture toughness of the specimen from the stack operated 
at 800 °C for 1000 h (2.0 ± 0.1 MPa∙m0.5) is significantly higher than for the specimen operated 
at 700 °C for 1500 h (1.5 ± 0.1 MPa∙m0.5), whereas for the specimens from the stack operated 
19,000 h at 800 °C (1.6 ± 0.1 MPa∙m0.5) a slightly lower fracture toughness value is obtained due 
to the formed of micro-pores.  
Hardness, Young´s modulus, and fracture toughness obtained using indentation tests are 
influenced by the distance of the impression from the interface as exemplified for sealant H-P 
operated for 1000 h at 800 °C and as-joined H-P. The apparent Young´s modulus decrease, 
whereas the hardness increases as the distance to interface is increased. However, contrary to the 
symmetric as-joined H-P specimen, a strong decrease of hardness and Young´s modulus is 
observed as the impressions get closer to the soft embedding material. Overall, the difference for 
as-joined and stack operated H-P material can be explained here by geometrical effects, i.e. the 
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stack was dissection hence the sealant was broken in the middle of the layer reducing the 
effective thickness. 
Crack deflection near interfaces and free edges has been observed in indentation test for the as-
joined structures (both H-P and B materials) leading to asymmetric crack features that were 
associated with a change of the indentation-induced stress field by the surrounding material. The 
direction of the crack deflection of material B is as expected since sealant material has a higher 
modulus than the steel substrate. The direction of the crack deflection for sealant H-P is 
unexpected away from the interface. This effect is most likely a result of the different thermal 
expansion coefficients of the two sealant materials (H-P: ~ 9.5 × 10-6 K-1, B: ~ 12 × 10-6 K-1) 
resulting in compressive stresses for joined material H-P.  
In addition to results on elastic and non-elastic deformation behavior, also failure data have been 
presented for H-P (partially crystallized) and B (almost fully crystallized) material for room 
temperature and typical stack operation temperatures, yielding fracture stress and viscosity data, 
respectively.  
The results reveal a decrease of the strength at operation relevant temperatures for as-joined H-P 
bar type material due to viscous deformation effects (RT: ~ 28 MPa, 800 °C: ~ 1 MPa). The 
almost fully crystallized B bar type material exhibits no measureable strength decrease at 
elevated temperatures (RT and 800 °C: ~ 90 MPa). Similar results have been observed for head-
to-head joined H-P specimens (RT: ~ 22 MPa, 800 °C: ~ 1 MPa) and B (RT: ~ 25 MPa, 800 °C: 
~ 30 MPa). Lower fracture strengths have been observed for the head joined specimens than for 
the bar type material if the effect of the differences in deformed volume is considered, where the 
effect was more pronounced for material B. The effect can be associated with the larger, binder 
material induced porosity of the head-to-head joined material, implying that an elimination or 
reduction of this additional porosity can lead to significant enhancements of the strength of the 
sealants, especially for the B type material. The annealed head-to-head joined sealant H-P has a 
higher strength compared with non-annealed as-joined state and the value remains stable at 
elevated temperature probably associated with the progressing crystallization (RT: ~ 47 MPa, 
800 °C: ~ 41 MPa). The head-to-head joined H-P specimens clearly reveal an influence of the 
thickness on the fracture stress (~ 25 MPa for a thickness of ~ 350 µm, ~ 34 MPa for ~ 150 µm) 
which can be associated with a decrease of the compressive residual stress in the layer with 
increasing thickness, that similar as in the case of the indentations near the interface mentioned 
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above enhances the failure relevant property. Contrary to this the fracture stresses of material B 
did not show a dependency on specimens’ thickness duo to its residual stress free state. All H-P 
and B specimens showed similar fracture behavior with the fracture path being in the glass 
ceramic layers.  
The subcritical crack growth sensitivity of materials H-P and B has been analyzed in the head-to-
head joined geometry based on the fracture stress values measured as a function of the loading 
rate. According to the calculated SCG parameters, both materials are sensitive to subcritical 
crack growth, where material B (n ~ 15) appears to be more affected by crack growth at 
subcritical stress levels than material H-P (n ~ 25), an effect that might be related to the porosity 
of the material. SPT plots were used for lifetime prediction of B and H-P materials. B (~ 5 MPa) 
and H-P (~ 8 MPa) showed allowable stresses for a 1 % failure probability at 1 year lifetime. 
Also the viscous properties of the H-P and B materials have been studied. In particular, the 
viscous rupture of material H-P has been investigated. The annealed H-P sealant tested at 900 °C 
under a load of 8 N failed after 60 h whereas non-annealed H-P failed already below 800 °C 
under the experimentally necessary preload of ~ 2 N. It appears that openings in the glassy 
matrix initiate from big pores leading eventually to the observed rupture effects. Steady state 
creep rates have been obtained. The associated activation energies for as sintered bars H-P are 
higher (above 400 KJ/mol) compared with as sintered bars B and annealed bars H-P indicated a 
thermally activated crystallization kinetics for sintered bars H-P [53]. It was observed that the 
stress exponent for the sintered bars H-P increase  with temperature, which is considered to be a 
result of a mechanism change from diffusional to viscous creep, whereas for annealed H-P 
material and sintered B material it is almost constant (n ~ 1). 
The viscosities obtained from bending and compressive creep test show good agreement. 
Furthermore, data for bar and head-to-head joined specimens for the same material agrees with 
each other. Generally, the viscosities decrease with increasing temperature. Creep effects are 
significant around or above Tg as verified for the H-P material. Annealed H-P material displays 
higher viscosities than the sintered material at any respective temperature, probably related to the 
increased fraction of crystalline phase inside the material. Comparing the equivalent viscosities 
of all H-P and B specimens at 800 °C, sintered H-P material in bar shape yields lower viscosities 
of around ~ 109 dPa s. Annealed H-P bar material and sintered B bar material have higher 
viscosities of around ~ (5 ~ 50) × 1014 dPa·s due to the content of crystalline phase. Considering 
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the expected and also experimentally confirmed deformation of the steel, it is surprising that the 
viscosity of material B obtained from the bending test (~ 1 × 1015 dPa s) agrees well with the 
data derived from the compressive test (~ 5 × 1015 dPa s). Note, the viscosity of a glass material 
without crystallization is below ~108 dPa s [80], a necessary prerequisite for the joining process. 
Although it has been claimed that  at the operating temperature of a SOFC stack (around 800 °C), 
the viscosity should be higher than 106 dPa s [48] to prevent the leakage caused by the sealant 
flowing out of the joint cap  [121], for the stack operation the annealed material H-P and the 
material B appear to be more appropriate since  creep rupture effects and large viscosity related 
deformations are avoided at elevated temperatures.  
Considering the real application of sealant H-P and B, the fracture behavior of annealed H-P and 
sintered B appears also to be superior. And as stated above if the joining procedure can be 
improved to gain bar like strengths the potential for application will be significantly enhanced. 
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